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Foreword

It is our great pleasure to publish the proceedings of the third Conference on Production

Systems and Logistics (CPSL 2022), which was hosted at the University of British Columbia

(UBC) in Vancouver, Canada.

Finally… after two long years of COVID-19 and mainly meeting online we were able to meet 
again in person – and it was great. With more than 80 participants, we enjoyed an 
unforgettable conference at the UBC, one of the most renowned universities in the world –
and on certainly one of the most beautiful campuses in the world.

However, it was anything but clear that the conference could take place on site. The first two 
conferences were already strongly influenced by COVID. At the first conference in March 2020 
in Stellenbosch, the pandemic was just getting underway. Nevertheless, not even half of our 
participants could be there on site. Also, at the second conference in August 2021, 
unfortunately, it was simply unthinkable to meet everyone in person. For this reason, the 
conference was hosted digitally in an innovative model.

We are now all the happier that we were able to hold the conference on site, as it was always 
originally planned, in order to better meet the purposes of the CPSL. We founded the 
conference to provide a platform for young scientists to network and exchange ideas. A 
platform where we can discuss exciting research results and exchange views on current topics 
with like-minded people. And, of course, a platform where scientists can easily upload their 
papers in the field of production systems and logistics and where these are reviewed in a 
serious and comprehensive review process in order to continuously improve the quality of 
the papers together. With the CPSL 2022, we are confident that we have been able to take a 
big step towards what we want to achieve with the conference. The interesting presentations, 
the exciting discussions inbetween the sessions and of course the networking during and 
after the conference make us proud to b e part of the CPSL and let us look forward to the 
next conferences with great excitement.

We would like to express deepest appreciation and gratitude to all our partners, without

whom this conference would not have been possible. A special thanks goes to all the

reviewers for engaging in this demanding but also encouraging review process and to our

keynote speakers for their inspiring and interesting presentations. Finally, we would like to

thank all our participants and fellow researchers who have been willing to share their

research knowledge and experience with all of us and made the CPSL 2022 such a great

event.

We are looking forward to meeting you again at the CPSL 2023.
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Conference Chair Conference Chair



Review Process

The Conference on Production Systems and Logistics (CPSL) is an international forum for the

scientific exchange on current findings in the field of production engineering.

For the submission of a paper, an abstract had to be uploaded considering the following main

topics:

The submitted abstracts were evaluated in an internal review process, whereby successful

submissions were invited to upload a full paper. Full papers had to adhere to a specific

template and format provided on the CPSL website.

The submitted full papers were reviewed in a two-stage peer review process by experienced

scientists from renowned research institutions as well as authors of other submitted papers.

This process ensures a constant and high quality as well as the influence of all participants on

the papers and reviews. Consequently, each paper submitted was sent to at least two

reviewers, with a third reviewer being requested in case of non-consensus between the first

two reviewers.

The reviewers were asked to review the submitted papers on the basis of a provided

evaluation template and were encouraged to give detailed comments and suggestions for

improvement. Among others, the following key questions were considered:

- Does the title reflect the contents of the paper?

- How do you rate the comprehensibility and logical presentation of the paper?

- How do you assess the relevance and originality of the topic described?

- How do you assess the practical relevance of the paper?

- Do you consider the work a proof of a thorough research and knowledge of the latest

literature in the field of research?

- Are the conclusions clear and valid?

After completion of the reviews, all authors were given sufficient time to improve their papers

according to the remarks of the reviewers. For more information on the review process and

the “Publication Ethics and Publication Malpractice Statement” please visit the conference

website.
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Keynote Speakers 2022

A special THANK YOU goes to our outstanding Keynote speakers, who joined the conference 

onsite or online and inspired our participants beyond their presentations with cutting-edge 

and highly interesting topics
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Abstract 

In the course of increasingly volatile markets, globalization as well as shorter product life cycles, factories 

and thus also the logistics system as a central component of a factory have to be designed in a more flexible 

way. Battery cell production faces a special challenge in this aspect. Due to the trend towards a sustainable 

and environmentally friendly energy supply and mobility, the demand is expected to increase significantly. 

New battery cell factories have to manage rising product volumes and simultaneously react versatile 

regarding new research findings. Thus, the market for battery cells, the product itself, and the corresponding 

manufacturing processes are constantly changing. New materials, manufacturing methods, variations of cell 

formats as well as the possibility of scalability and the associated changes in the requirements for the factory 

must be taken into account as early as possible in the planning stage. The logistics system as one of the core 

elements of a factory is always affected by changes in the product, manufacturing processes or input 

materials. If, for instance, other materials are used, the storage and transport of these goods with different 

dimensions, weight or even environmental requirements must still be guaranteed. 

In order to consider the required flexibility already in the planning process, simulation can provide a decisive 

benefit. It enables the planner to analyse the production and iteratively adapt logistics planning. Since there 

are many possibilities and combinations, especially in the design of warehouse and transport systems, a 

reduction of these should take place at an early stage. However, the preselection of suitable logistics systems 

that provide the necessary flexibility is currently often based on empirical knowledge and extensive market 

research. Therefore, this paper presents an efficient, holistic approach to logistics planning and an 

intralogistics tool in detail, which is based on established data. As a result, an optimal logistics system can 

be defined through an iterative optimization of the flexibility corridor, taking into account the factory goals. 

Keywords 

Intralogistics; Flexibility; Battery Cell Factories; Simulation; Factory Planning 

1. Introduction

In the course of the energy transition, all industries face new challenges in order to achieve the Paris climate 

targets. The automotive industry plays a major role to reach the targets. About 22% of the GhG emissions 

come from the mobility sector [1]. Electromobility is not just a trend anymore. The transformation from 

combustion engines to electric cars is forcing car manufacturers to act quickly. According to the IEA's Global 

EV Outlook 2021, there were around 10 million electric cars worldwide at the end of 2020, representing a 
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growth rate of 41% in 2020 [2]. Under current conditions and assumptions, there will be approximately 

145 million electric vehicles (excluding two/three-wheelers) on the roads worldwide by 2030, requiring a 

battery cell capacity of 1.6 TWh [2]. However, in order to be able to meet the climate targets despite changed 

framework conditions, around 230 million vehicles will have to be on the roads in 2030, resulting in a 

demand for battery cell capacity of 3.2 TWh. For comparison, the potential production capacity for battery 

cells worldwide in 2020 was 300 GWh [2]. 

Thus, the need for new battery cell factories will increase. Today, battery cells are already used in electric 

cars, but their development is not yet well advanced and variants that are more efficient are constantly being 

presented. Lots of research is being conducted into new, alternative materials, variations of cell formats as 

well as innovative manufacturing processes [3,4]. In addition, the demand for the available product variants 

is also changing. New battery cell factories must face these challenges.  

One possibility is to design the factory highly flexible in terms of production volume, materials, product 

varaints and manufacturing processes. This flexibility should already be taken into account in the factory-

planning phase [5]. In addition to the production system, the intralogistics system must be designed flexible. 

For example, the means of transport must be able to cover the transport capacity even if the production 

volume increases and must be suitable for transporting alternative materials [6,7].  

Since the logistics system as part of the entire factory is very complex, planning requires methods and tools 

to manage this complexity. To support the intralogistics planning, simulations can be built up, which help to 

better understand the complexity of the logistics system and thus optimize and validate the planning [8]. The 

present work introduces a concept, how the required flexibility can be considered in simulation-based 

intralogistics planning, whereby simulation-relevant parameters are transferred over a developed tool into 

the simulation. The self-developed tool named Intratel is to be used to make a preliminary decision for 

possible storage and transport systems according to the required flexibility in battery cell production, so that 

the simulation is only build up with systems that provides the required flexibility and faster recommendations 

for action are possible.  

Therefore, in chapter two the term flexibility in connection with factory planning is presented. Additionally, 

intralogistics or intralogistics planning while using a simulation in the context of factory planning is defined. 

Chapter 3 explains the concept with its individual components. Finally, in chapter 4, a short summary and 

conclusion is given. 

2. Fundamentals 

2.1 Flexibility as a target variable in the factory  

Flexibility can be considered as a property of a system. It gives the system the ability to react to uncertainties 

and dynamics on the basis of specified action spaces, according to defined options for action. If a system is 

flexible, it can react and adapt to known but varying requirements [9–12]. In this context, a flexibility 

corridor defines the action space in which a system can adapt to changes in the environment for all possible 

future scenarios [10].  

In the present work, flexibility shall exclusively refer to the meaning within a factory. One way to classify 

flexibility in the context of a factory is to divide it into three levels of consideration. According to Sethi and 

Sethi [13], component flexibilities, system flexibilities and aggregated flexibilities are differentiated. 

Subsequently, eleven types of flexibility are assigned to these levels. Relevant types for the present work 

are, product mix flexibility, which means the simplicity of introducing new products, program flexibility 

which describes stability of the system to produce different variants, quantity flexibility, which describes the 

ability to remain economical at different utilization levels and material flow flexibility, which describes the 
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ability to produce different work pieces efficiently on any paths through the system [13]. The concrete effects 

that these types of flexibility can have in the context of battery cell production are presented in chapter 3.1. 

Since much of the planning process depends on the defined flexibility or flexibility corridors, these should 

be integrated in an early phase of factory or logistics planning. Factory planning is based on different goals 

for the factory, which are derived from the company's strategy and general conditions. These goals are 

already worked out and defined at the beginning of a factory planning project. According to the guideline 

VDI 5200, flexibility is also mentioned here as a possible factory goal [14]. A company must be competitive 

and generate profit. For logistics, this results in performance, cost and quality targets. Examples of 

performance targets are the correct execution of orders or meeting the delivery times. Quality targets, on the 

other hand, are, for instance, the ability to deliver or the flexibility of the willingness to perform in the event 

of changes in requirements. For cost targets, the avoidance/reduction of inventories, the optimal use of 

infrastructure, the maximum utilization of load carriers or an efficient use of resources can be mentioned 

[15,16].  

Flexibility as a factory goal is also important, but may conflict with the other goals. For example, high 

program flexibility adversely affects quality targets. In addition, ensuring a defined level of flexibility 

usually leads to higher production costs. It is important to include all target dimensions, flexibility as well 

as performance, costs and quality, in planning process. In order to be able to achieve an optimal planning 

result, the goals must also be prioritized depending on the application [17]. Furthermore, it is essential to 

define a suitable flexibility corridor for each type of flexibility, which is in line with the other factory targets 

according to the prioritization. 

2.2 Intralogistics and Intralogistics planning  

The intralogistics system can be divided into individual subsystems such as machine, warehouse, picking, 

supply, buffer, handling and transport system [15]. In the present work, the focus is on the planning of a 

flexible transport and warehouse system for battery cell production. If logistics planning is considered as a 

subarea of factory planning, it must be integrated into the factory planning process. Figure 1 shows the seven 

phases of factory planning according to the VDI guideline 5200.  

Phase 1 Phase 2 Phase 3 Phase 4

establish-
ment of the 

product basis

setting of 
objectives

concept 
planning

detailed 
planning

Phase 6

monitoring 
of realization

Phase 7

ramp-up 
support

Phase 5

preparation 
for 

realization

project management
project 
close up

 

Figure 1: Factory planning phases according to the VDI guideline 5200 

Logistics planning can be included in the conceptual and detailed planning phases, whereby prerequisites 

and boundary conditions for the subsequent planning phases are already defined in Phase 1 and Phase 2. 

According to the VDI guideline 5200, the concept phase (Phase 3) already results in a determination of the 

type and quantity of operating equipment and personnel resources, a dimensioning of logistics equipment, 

and the development of a material flow concept. In the subsequent detailed planning (Phase 4), the logistics 

concept is supplemented by process descriptions, whereby an assignment of products and resources to the 

respective processes becomes necessary [14]. 

The complex connection between factory planning (1) according to the VDI 5200 guideline and the logistics 

planning process (2) is detailed in Figure 2.  
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Figure 2: Factory and Intralogistics planning 

The intralogistics planning can be divided into the phases target planning (2a), system planning (2b), and 

detailed planning (2c). Based on defined factory objectives (3), which were defined in the first phase of the 

factory planning process and need to made measurable and evaluable, all boundary conditions, the most 

important planning assumptions as well as performance requirements for the following phases are 

documented and, if necessary, analyzed in the target planning (2a). Thus target planning has a strong 

interaction with Phase 1 and Phase 2 of the overall factory planning process (1). In the next phase, the system 

planning phase (2b), possible solutions are developed, which also corresponds to the conceptual phase in the 

factory planning. In this context, suitable resources must be selected from a large number of possibilities. 

These are linked as performance points to logistics chains, organized and dimensioned so that specified 

performance targets can be met with specified restrictions as cost-optimally as possible. For the selection of 

a solution variant, methods such as a feasibility study or a performance comparison can be carried out. The 

feasibility study focuses on the technical feasibility, the fulfillment of the performance requirements, the 

compliance with the general conditions, restrictions and requirements and the feasibility within specified 

time. The performance comparison involves a crosscheck of marginal performance, capacity reserves, and 

flexibility of the selected solutions. In the case of flexibility, for example, it is considered whether the system 

is still suitable in the event of a change in the order structure or a change in logistics units or throughput and 

inventory fluctuations. In the profitability comparison, solutions are to be compared with each other with 

regard to their operating costs at maximum performance. Finally a utility value analysis is carried out, in 

which all remaining solutions are further compared with each other on the basis of defined criteria. In the 

subsequent detailed planning phase (2c), the selected solution is elaborated and getting prepared for 

approval. For this purpose, further specialist planners are consulted [15].  

In system planning (2b) in particular, an optimum for the logistics system must be found on the basis of the 

different technical requirements and boundary conditions as well as the various factory targets. In principle, 

for this purpose many different methods and tools are available. However, analytical methods quickly reach 

their limits in a complex and dynamic system like a factory. In order to cope with the dynamic environment 

within the intralogistics planning, a simulation (4) can offer a considerable benefit. Often the interaction of 

boundary conditions and goals as well as dynamic behavior during future operation can be better understood 
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if this is represented in a simulation model and different simulation scenarios can be executed. Multiple 

stochastic and dynamic interactions make it difficult to predict how a system will behave. Possible 

bottlenecks or potentials can be identified more quickly by means of a simulation and the logistics system 

can be planned and iteratively optimized accordingly [16]. The use of a simulation as a planning method and 

the current status of how intralogistics planning as part of the factory planning is done nowadays is shown 

in Figure 2. After the simulation is set up in the system planning phase (2b) and different variants are 

simulated (4), results must be evaluated. For this purpose, those parameters must be determined which are 

relevant for the achievement of the factory goals (3). After the evaluation, the selected variant enters the 

detailed planning (2c). However, the flexibility of the logistics system depicted in the simulation is already 

determined by the previous selection of technologies. An adjustment or optimization of the flexibility 

corridor, taking into account other factory goals, is therefore always associated with the manual search for 

suitable logistics technologies for the corresponding flexibility corridor before the simulation is set up. This 

complex process currently prevents the efficient mapping of different simulation scenarios with different 

flexibility coordinates and makes it difficult to achieve an optimum between all factory goals.  

Simulation-based logistics planning is already known in the literature [18–20]. In the present work, a 

simulation is used as well. However, this simulation is coupled with a self-developed intralogistics TOOL 

(Intratel). The use of this tool makes it possible to select storage and transport systems early in the planning 

process that are suitable for the application and offer the necessary flexibility. Such a concept was not found 

in the literature so far to the best knowledge of the authors. 

3. Efficient Intralogistics Planning For Flexible Battery Cell Factories Based On An Innovative 

Intralogistics Tool 

This paper presents a concept to make the planning of a flexible logistics system more efficient. The 

construction of a battery cell factory is taken as a use case, since the requirement for flexibility is very 

important in future as described in section 1. Based on the conventional approach in logistics planning, the 

objectives for the logistics system in a flexible battery cell factory are derived (cf. Figure 3). 

Increasing demand for battery cells leads to 
the need of new battery cell factories Company goals, factory 

targets as an input for the 
factory and intralogistics 

planning

Influences and motivation 
• Energy transition due to the Paris climate targets
• Ongoing battery cell reserches 

Need: Factory planning, 
intralogistics planning

Effect: Need of flexible battery cell factories
• Cell formats
• Production volume
• Cell variants 
• Used materials

Intralogistics tool, Intratel

Flexibility with 
flexible corridors, 

boundary 
conditions for 

warehouse and 
transport system

Pre-selection of possible transport 
and warehouse systems that fullfill 

the requirement of flexibility

Figure 3: Concept for the intralogistics planning combined with the developed tool Intratel 

In order to integrate the derived requirements in the intralogistics planning and to ensure an efficient planning 

process, the simulation model for the battery cell production is linked to a developed intralogistics tool, 

named Intratel. The goal is to get a pre-selection of possible storage and transport systems that meet the goal 

of flexibility by using the intralogistics tool in a first step.  

This automatically leads to the fact that only systems are simulated, which can fulfill the goal of flexibility 

and can replace most of the components of a feasibility analysis as an evaluation method, while ensuring a 
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holistic optimization of the logistic system. In the following, the overall concept with its individual 

components is presented. It includes the connection between the external influences (orange box), the 

flexibility requirements for a finished battery cell factory (grey box), the connected factory and intralogistics 

planning (blue box) and the developed intralogistics tool (green box). 

3.1 Flexibility targets and relevant requirements 

In addition to the typical factory goals, such as quality, performance and costs, battery cell factories must 

have a high degree of flexibility in the future (cf. chapter 1). The need for flexibility has various implications 

in the context of the logistics system of a battery cell production. In particular, the logistics systems must be 

able to cover the product mix flexibility, material flow flexibility, quantity flexibility and program flexibility. 

Product mix flexibility 

The introduction of new products should be considered in advance. In the case of a battery cell factory, this 

can be either a completely new cell format, such as round, pouch or prismatic cells or even solid state battery 

cells. Here, for example, the dimensions and weights of the finished products differ greatly. Also the input 

materials differ in some points. For round cells, for example, cans and lids are required, which have to be 

washed before they enter the clean and dry room of production. In the case of pouch cells, on the other hand, 

the case may first be deep-drawn during production and is supplied as a foil before. For each new product to 

be produced, it is necessary to estimate in which form and in which containers the input materials can arrive, 

so that suitable systems can be planned for both transport and storage. Another example for the extension of 

the product range could be electrode coils for which the storage and transport system would have to be 

designed, if they are part of the flexibility corridor. 

Program flexibility 

Alternative materials may be required for new variants, which may be supplied in other containers or on 

other loading equipment. An example of this is the solvent used in slurry production (first process step in 

battery cell production). Currently, NMP is often used for the cathode. This solvent is considered a hazardous 

material and is subject to special requirements for storage, handling and use. Alternative solvents are already 

being discussed. Storage and transport options should also be considered. If the factory also produces semi-

finished products in the form of electrode coils, different variants can be produced here in terms of 

dimensions and weights. The storage and transport system used must be capable for these variants.  

Quantity flexibility  

If the factory is to be flexible in terms of quantity, the output quantity should be variable within the defined 

flexibility corridor. For example, the factory may be required to be able to produce between 1 GWh and 3 

GWh per year. On the one hand, this requires more materials, which have to be stored, and on the other hand, 

the throughput has to be increased. Both have an impact on the transport system as well as the storage system. 

If material is stored or transported in larger quantities, for example, the use of tanks and silos for storage and 

transport via pipelines may be worthwhile. Alternatively, for smaller quantities, pallet storage can be used. 

The electrolyte and the active material can be mentioned here as example materials.  

Material flow flexibility 

In the context of battery cell production, the process steps slitting, calendering and vacuum drying can be 

interchanged within electrode production. Vacuum drying can also be an intermediate step in the assembly 

process. It may therefore be necessary to return the products to the vacuum dryers. Another requirement may 

be that, despite a separation into anode production line and cathode production line, both electrodes should 

be able to be produced on both lines. If required, the transport system used should be able to fulfill this 

flexibility within the material flow.   
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3.2 Intralogistics tool Intratel 

The idea of the developed tool is to filter out from the multitude of warehouse and transport systems those 

that are suitable for the define flexibility corridor at hand before the simulation. Figure 4 shows the usage of 

the developed tool Intratel. To use the tool boundary conditions in particular to materials, semi-finished 

products, products and the production program must already exist.   

Boundary conditions, requirements for
• storage
• transport

Possible
• transport system
• warehouse system

Derivation of relevant parameters for the 
simulation

Intratel 
(Developed tool)

Database for warehouse 
and transport systems

Influences and motivation 

Need: Factory planning, 
intralogistics planning

Effect: Need of flexible 
battery cell factories

Intralogistics 
tool, Intratel

Defined boundary conditions 
for warehouse and 
transport system

Relevant parameters of 
possible warehouse and 

transport systems  

Figure 4: Intralocistics tool Intratel 

The tool itself consists of a database, which has integrated all transport and warehouse systems with their 

properties and a user-friendly dashboard. Currently, the tool considers the selection of storage and transport 

systems separately. In the developed database, all fundamentally different transport and storage systems 

were summarized and classified. Also an initial division was made into continuous conveyors and 

discontinuous conveyors. In the next step, subcategories were formed within these categories, like belt 

conveyors or trackless floor conveyors. The final transport systems are then divided into these subcategories, 

such as apron conveyors, narrow aisle stackers or trackless AGVs. In the database for the warehouse systems 

are for example block storage, row storage, high rack storage for pallets, cantilever storage or carousels as 

options for warehouses. Furthermore, those characteristics were compiled, which can be relevant for the later 

selection. The properties were divided into two categories. These are especially important for the application. 

Mandatory attributes must be specified in order for the tool to make suggestions. An example of a mandatory 

attribute is the specification of whether bulk goods, general cargo or liquids are transported. Optional 

attributes can still be entered if they are already known in order to further reduce the number of possible 

systems. Currently, the tool works with 7 mandatory attributes and 16 optional attributes. The optional 

attributes include, for example, whether the quantity flexibility must be high. If there are too many 

requirements, some of them may be in competition with each other, which can lead to the fact that no suitable 

system is found.  

The user himself sees only a dashboard on which he is guided through the attributes. For each attribute there 

are already predefined selection options. At the end, the user is shown those systems that are compatible 

with the requirements. Finally the parameters that affect the further factory targets, have to be integrated into 

the simulation model. In this application, the focus is on the corresponding parameters regarding capacities, 

personnel requirements, and the speeds of the individual systems. 

3.3 Intralogistics planning based on a simulation and the tool Intratel 

The developed concept shown in this paper uses a simulation as a method during the system planning phase 

for the intralogistics planning. The use of a simulation is not a mandatory method for planning. However, as 

shown in chapter 2.2, the dynamic and complex environment as well as the multitude of stochastic and 

dynamic interactions can be depicted more truthfully by a simulation and better statements can be made or 
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the planning can be optimized. In the simulation model, the pre-selected warehouse and transport systems 

are now simulated and evaluated. If it was not possible to find systems that match on one hand with the 

required flexibility and on the other hand with all the other factory targets it could be that the flexible 

corridors have to be adapted and the pre-selection has to be done again. Afterwards one system for the 

warehouse and one for the transport system should be selected. This systems are then the input for the 

detailed planning phase of the intralogistics planning.  

The simulation model was built with the software Tecnomatix Plant Simulation from Siemens. Modeling 

was done in 2D as well as in 3D. First, a network structure was developed for easier adaptability. Areas to 

be logically separated from each other were set up in individual networks. In cooperation with the 

manufacturing and production planning team, the networks for production were created. In addition to the 

production systems, all logistics areas such as provisioning, buffers, waste areas and workstations were 

integrated and properties such as capacity were assigned to these components on the basis of static 

calculations. An input table has been created so that all parameters can be changed and adapted for later 

simulation runs. This makes it easier to carry out planning and simulation scenarios. The planner can use 

this Excel table, which is linked to the simulation, to change the values before each run without having to go 

into the individual building blocks of the model. When starting the simulation, the current values of the table 

are applied. In addition, a warehouse concept including incoming and outgoing goods was developed in 

parallel, which was then mapped in a network. Delivery processes were integrated into methods and different 

delivery scenarios can be analyzed. No particular storage system has yet been selected. The first 

dimensioning regarding capacity was worked out on the basis of the production program and sales planning. 

Other important networks in the battery cell use case are locks, since these should not become a bottleneck 

in later production. Figure 5 shows a section of the simulation. In this model, production scenarios can 

already be run through and the effects on the utilization of the logistics elements used can be analyzed. 

WarehouseCoating

Drying

Mixing

Material lock

 

Figure 5: Section of the battery cell factory material flow simulation 

In the present use case, flexibility was required in the context of product variants as well as a change of 

production volume. By using the tool Intratel, a pre-selection of possible transport and storage systems that 

can meet the flexibility requirements was made. As soon as the tool identifies suitable systems for the given 

application, those parameters are also determined which have an influence on the achievement of the factory 

goals. In the case of transport systems, for instance, the speed of the system. These parameters are in turn 

given as input to the simulation model.  
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4. Summary and conclusion 

Intralogistics planning as part of factory planning requires structured and targeted implementation in every 

application. In the construction of a battery cell factory, planning is subject to many boundary conditions. 

New findings on production technologies, product variants and new materials are constantly generated and 

at the same time, factories must be scalable. The production and logistics system must be adaptable. 

Flexibility as a factory goal must therefore be integrated into the planning process. In order to support the 

planning process methodically and to be able to map the complexity, a simulation can be built up as in the 

developed concept. Within simulation studies it should be analyzed how far the factory goals can be reached 

with the plans. The developed tool Intratel can be used in advanced to get a pre-selection of possible 

warehouse and transport systems that can meet the flexibility requirements. Using the tool narrows down the 

warehouse and transport systems at an early stage of the planning. Here, the number of possible systems are 

suggested to the user on the basis of various input parameters as well as the flexible requirements.  

In the next step, the concept shown must be verified in a concrete use case. The concrete application and 

subsequent evaluation should follow the developed concept. For this purpose, the interfaces between the 

simulation model, the tool and the corresponding evaluations must be worked out and implemented. In 

addition, the Intratel tool is to be further expanded to include additional subsystems for logistics planning. 
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Abstract 

From the perspective of manufacturing companies, data handling is gaining more attention as it is becoming 

a strategic resource in digital ecosystems. Market forces such as rising amounts of product variants and 

decreasing batch sizes lead to higher complexity in manufacturing processes. Therefore, production 

management’s demand for data-based process transparency is growing continuously as well as the number 

of companies turning to process mining to address these challenges. The increased use of process mining 

has uncovered many documented data quality issues that hamper output quality. 

In response to data usage and quality problems, research in the field of Big Data has turned to sophisticated 

data value chains as a promising approach to optimize data usage. This paper presents the application of the 

data value chain concept on a manufacturing use case, delivering an assessment of traceability systems and 

their effect on data quality issues. This assessment reviews commonly known quality issues and investigates 

how traceability systems can influence and facilitate better data quality. The results support manufacturing 

companies in their use of traceability systems to improve the reliability of their process mining input data 

and, hence, their output performance indicators to meet the demand for more data-based process 

transparency. 

Keywords 

Data value chain; traceability system; process mining, data-based process transparency; data quality 

1. Introduction

Industrial companies are challenged by rising complexity in their manufacturing processes. Good examples 

for complexity drivers are the constantly rising demand for more individualised products on the markets as 

well as short product lifecycles and delivery times. In response to competitors, companies create more 

product variants to stay attractive on their markets [2].  

In the context of Industry 4.0, data-based transparency is needed to tackle complexity and support effective 

managers’ decision-making [4]. To address process complexity, the use of process mining has become more 

popular amongst manufacturing companies. In a Deloitte study in 2020, out of 104 interviewed companies, 

40% have stated to use process mining in production, aiming for process transparency and improvements as 

their top two reasons [6]. Still, the use of process mining is particularly challenging in production. Typically, 

production is characterized by numerous different processes that complicate identifying available data 

sources [8]. Available as well as reliable data are essential requirements for input datasets called “event logs” 

to conduct successful process mining analysis. Process mining projects tend to fail due various data quality 

issues such as missing and unreliable input data points that result in insufficient digital traces [9]. In his 
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research, Jahn identifies data acquisition as the key factor for improving availability and reliability of input 

data and for gaining data-based transparency, the basis to optimizing production processes [10].  

Within the vision of smart factories and smart products, automatic identification (autoID) technologies such 

as RFID are being used to generate data and gain transparency [13]. Although most manufacturing 

companies use these so called traceability systems due to legal obligations [14] or to inventory existing 

objects, the potential of data acquisition through autoID technologies is still not fully reached. Research in 

the field of traceability often focuses on tracking or tracing objects themselves, giving insights on how to 

consistently mark objects in production processes, find fitting technologies to track objects or products [14], 

or identify effort versus benefit levels that should be considered when tracking different product categories 

[16]. For successful production management, it has become crucial to focus on the data application 

perspective. A recent research project demonstrated several beneficial use cases originating from the use of 

a traceability system and its generated data [18]. In this context, companies still lack the knowledge to 

generate targeted feedback data of their processes using the traceability system and its ability to locate 

objects [4]. 

Traceability systems generate process data and can function as an important data supplier in production [16]. 

From a theoretical point of view, the combination of traceability as a data generating system and process 

mining as the tool for data analysis offers great potential for data-based process transparency [20]. However, 

researchers have not yet investigated whether and how traceability systems can avoid the occurrence of 

quality issues in input datasets. Based on a manufacturing use case, this paper aims to investigate the ability 

and impact of a traceability system to avoid common quality issues and improve the reliability of process 

mining outputs. 

2. Approach

The paper is divided into two main sections. Section 3 addresses the conceptual development to identify data 

quality issues (QIs) that can potentially be affected by the traceability system in the manufacturing use case 

(section 3.3). This requires two tasks: Firstly, the explanation of the use case’s data value creation process 

by introducing the data value chain (DVC) concept and the assignment of the use case to the phases of the 

DVC (section 3.1). Secondly, an overview about what kind of QIs exist and where the QIs occur in the DVC 

(section 3.2). Section 4 presents the analysis of the manufacturing use case. At first, the process mining input 

dataset (event log) and the obtained outputs based on the traceability data is introduced (section 4.1). 

Eventually, section 4.2 analyses the traceability system’s impact to avoid the five most relevant QIs in the 

use case and to ensure reliable process mining outputs. 

Figure 1: Approach of the conducted research 
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3. Conceptual development

3.1 Process of data value creation in the manufacturing use case 

To enable the process of data value creation in companies the data value chain (DVC) concept is used. It 

represents a promising approach to improve the handling of data management. It originates from Big Data 

research and helps decision makers to adopt the data perspective on business processes in order to optimize 

data usage [12]. Generally, a DVC considers strategically important, value-creating activities [13] and 

integrates all data-effecting steps, starting with the generation and acquisition of data and ending with the 

possibility of decision-making based on data outputs [14,15]. Research shows that the representation of 

DVCs in literature differ in regard to the number of phases in the chain and the individually intended 

functions of each phase depending on the area of application [12,13,14,15,16]. 

To assess the impact of the traceability system on process mining in the manufacturing use case, the DVC is 

used to structure all relevant elements according to their role and function in the process of data value 

creation. These elements including the “configured traceability system”, the “available traceability data”, 

the “complete use case dataset” including traceability and more sensor data, the “transformation to event 

log” (filtered input dataset), “the process mining analysis” and finally “the process mining output”. Figure 1 

illustrates the application of the DVC concept on the manufacturing use case analysed in this paper. It 

suggests six phases that can be derived from the analysed sources considering the identified reoccurring 

patterns and functions explained in the grey boxes of each phase.  

Figure 2: Data value creation process based in the manufacturing use case 

3.2 Literature review of typical data quality issues 

The high quality of data is the key to interpretable and trustworthy data analytics and the basis for meaningful 

outputs. The process mining manifesto confirms this interdependency and stresses the need for high-quality 

event logs (representing the input data) in the context of process mining [3]. Typically, a company’s decision 

to use an analytics tool such as process mining is made without paying attention to the possibly poor quality 

of the available event log which results in poor quality outputs – a dynamic often characterized by the term 

“garbage in – garbage out” [5].  

The poor quality of event logs is a known problem amongst companies. A study by Suriadi et al. identifies 

several imperfection patterns from their experience with over 20 Australian industry datasets which confirm 

the severity of data QI in process data and their potential impact on process mining analysis [1]. Another 
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data quality, leading to misinformed decisions [7]. 
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The goal of the conducted literature review is to identify typical QIs that can possibly be affected by the 

traceability system. The following criteria were applied in the literature search:  

− A: Which literature source provide a collection of data QI?

− B: Do these QIs refer specifically to process mining?

− C: Do these QIs refer generally to data analysis?

− D: Are QIs structured in categories/dimensions based on commonalities?

− E: Are QIs structured by their location of origin?

Criteria A of Table 1 shows that there are several literature sources that provide collections of QIs. In 

literature sources related to process mining (criteria B) and general data analysis (criteria C), the amount of 

identified QIs is so large that a useful structure is required in order to tackle them systematically. Most 

studies (criteria D) provide a structure of QIs based on categories or dimensions. The general benefit of this 

structure is the fact that related QIs are gathered into the same group. However, this structure implicates a 

major disadvantage, as it hampers the search for the origin of the QIs. In contrast, the literature sources based 

on criteria E organize data QIs along the phases of the DVC as introduced in Figure 2. This approach has 

two main advantages, firstly it allows the identification of the QIs root cause by locating their places of 

origin [26], secondly, the structured QIs along the phases of the DVC can be used to connect the use case 

and its traceability system as it is linked to the DVC as well. It represents the basis to assess the traceability 

system’s capability to avoid the occurrence of QIs. 

Due to the large number of identified QIs, Singh et al. provide a study that summarizes a broad collection of 

data QIs acquired from extensive research in that field [26]. Based on the collected QIs, they suggest four 

groups of root causes for QIs that can be assigned to their places of origin in the phases of the DVC. The 

identified groups are the following [26]: 

− Group 1: QI based on data sources – A leading cause for data QI is to obtain the wrong or poor data.

On the one hand, every individual data source needs to be configured thoroughly to provide the data

needed. On the other hand, various different data sources are likely to be inconsistent and cause

difficulties in subsequent phases of the DVC.

− Group 2: QI based on data profiling – Once data sources are selected, the data profiling of every source

system (e.g. traceability system, ERP, CRM, Web, etc.) needs to be examined to avoid negative impacts

on data quality. The profiling is a fundamental step in which every individual source system as well as

the gathered data of all source systems in a central data warehouse ensure data integrity and consistency

for later analysis.

− Group 3: QI based on data staging and ETL (extraction, transformation, loading) – In this phase QI

occur firstly in the central data warehouse when the data and metadata from all source systems is audited

and validated and, secondly, in the pre-processing phase when a dataset is extracted, transformed and

loaded for the following data analysis.

− Group 4: QI based on data modeling – If no major QI is detected up to this point and the available

dataset demonstrates high quality, the data modeling itself can cause QI for two main reasons. The first

Table 1: Literature Review 

Sou-

rce [1] [3] [5] [7] [11] [12] [15] [17] [19] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] ∑ 

A ● ● ● ● ● ● ● ● ● ● 10 

B ● ● ● ● ● ● 6 

14C ● ● ● ● ● ● ● ● ● ● ● ● ● ● 14

D ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 16

E ● ● ● ● 4
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occurs when the dataset is not successfully transformed to fulfil the input specifications for the intended 

data analysis. The second can occur when the selection of the data analytics application is inadequate and 

obtains no or useless results.  

3.3 Assignment of quality issues to the traceability system 

The following step intends to determine which of the four identified groups of QI can be affected by the 

traceability system. Therefore, the groups of QIs mentioned above need to be linked to the DVC in the use 

case. Through the assignment of the identified groups of QIs and the manufacturing use case (see section 

3.1) to the phases of the DVC, it is possible to link them as illustrated in Figure 2. This approach allows to 

break down the large amount of QI and assess a potentially positive impact of traceability systems on data 

quality and thus improve the process mining output. 

Figure 3: Link of QI groups to traceability system via DVC 

Figure 3 demonstrates the result of connecting the groups of QIs as well as the elements of data value creation 

process in the use case to the DVC phases. As the research in this paper investigates the traceability system’s 

impact on QIs, group 3 “QI based on data staging & ETL” and group 4 “QI based on data modelling” are 

not further considered in the analysis (shown black and white in Figure 3). There is a large number of 

identified single QI based on data sources (group 1) and data profiling (group 2) [26]. For handling purposes, 

the five most relevant QI (QI 1 – QI 5) for this use case are selected to explain the positive impact of the 

traceability system in connection to the conducted process mining analysis in section 4.2. 

4. Analysis of the manufacturing use case

4.1 Introduction of the event log and the process mining outputs 

The dataset in the use case was generated in the transfer project called “ArePron” (www.arepron.com). It 

represents a discrete production network involving parallel machine resources and consists of traceability 

data as well as sensor-based machine data (pressure consumption, electrical power consumption etc.). To 

investigate the traceability system’s ability to prevent the emergence of QIs and to contribute to reliable 

process mining results, the machine sensor data is filtered and the traceability data providing process 

information remains to be used as input data for the process mining analysis.  

The application of process mining requires a dataset as input data that contains at least a “case ID” (process 

trace) including “events” (process activities) and a “time stamp” for each event. Every case must be provided 

in a separate line [1]. The extracted traceability data from the dataset in this use case is shown in Table 2. 

Every individual “component No.” functions as case ID, while the “machine name” and “process” as event, 

and “start scan” and “end scan” as time stamp. The event log is created in pre-processing (phase 4 of DVC), 

which mainly consists of format adjustments of the original dataset, so that any event (machining process) 

is given in a separate line. 
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Table 2: Use case event log with traceability data 

Component No. Machine name Process Start Scan End Scan […]* 

1042 Kasto Sawing 08.03.2020 09:30 08.03.2020 09:38 

1042 OP10 Turning 08.03.2020 10:15 08.03.2020 10:42 

1042 OP20 Milling 08.03.2020 11:03 08.03.2020 11:23 

1042 […]** 

1043 Kasto Sawing 08.03.2020 09:40 08.03.2020 09:52 

1043 HaasST10 Turning 08.03.2020 10:31 08.03.2020 10:58 

1043 HaasMM2 Milling 08.03.2020 11:23 08.03.2020 11:48 

1043 […]** 

1044 Kasto Sawing 08.03.2020 11:00 08.03.2020 11:14 

1044 OP10 Turning 08.03.2020 11:27 08.03.2020 11:56 

1044 OP20 Milling 08.03.2020 12:29 08.03.2020 12:50 

1044 […]** 

*Filtered data points (pressure consumption, electrial power consumption etc.) irrelevant for

process analysis

**Following manufacturing steps in the same structure 

The following represents a selection of exemplary process mining outputs shown in Figure 4 that are 

obtained from the traceability data:  

Figure 4: Exemplary process mining outputs 
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a) The standard process mining outputs process discovery and process conformance check are obtained.

The conformance check in Figure 4 shows the amount of products that have taken the target process

in green and those that deviated from their target process in red.

b) The available time stamp (either start or end time stamp) enable various output options regarding

process lead time analyses, such as average lead time of all products, average lead time per production

path, etc. The exemplary output distribution analysis of individual product lead times is shown in a

boxplot in Figure 4. Each red point represents one product; the bigger the point, the more products

were product in this lead time.

c) The availability of two time stamps (start and end time of each production step) allows for the analyses

of the products’ waiting times before and after every production step. Those indicators can hint at

problems within production and can, for example, identify bottlenecks in the production network.

4.2 Impact analysis of the traceability system 

To assess the traceability system’s capability to avoid QIs and to ensure reliable process mining outputs, the 

impact analysis is conducted individually for every QI. At first, the analysis names the individual QI and 

outlines its relevance, then it explains the traceability system’s impact on the QI and eventually on the 

process mining output (shown in Figure 4):  

− QI 1: Inadequate selection of data sources do not provide needed input data

Relevance of QI 1: The goal in the project is to analyse the performance of the production network and

to receive transparency about the products’ path within the production network, their lead time through

the production process, wasteful waiting times etc. To receive the right process mining outputs, the

selection of data sources is the most crucial success factor contributing to the project goal by improving

the availability and reliability of input data and thus by gaining data-based transparency [10]. In case the

planning and selection of needed source systems and their data points is neglected or has not been

conducted at all, this QI is likely to result in missing analysis outputs. The effort to handle this QI is high,

as the implemented hardware (source system, sensors etc.) needs to be changed and re-implemented.

Impact of traceability system on QI 1: Generally, a traceability system’s configuration determines the

process data being captured, and what process mining outputs can be obtained. In this use case, the

traceability system functions as the only source system to generate the process data shown in Table 2 and

is responsible to ensure the performance evaluation by enabling the creation of the intended outputs. The

traceability data required and generated are the “component ID” to capture the product, the “machine ID”

to identify the taken paths through the production network, one “time stamp before the start” and another

“time stamp after the end of a production process” (see Table 2).

Impact of traceability system on process mining: The “component ID” functions as the case ID of the

event log and represents the products trace through the production network. The “machine ID” functions

as the event and determines the actual production stations passed by the product. The “time stamps” of

component ID and machine ID captured in the production network help to order the different steps

through production. As case ID, event and time stamp are the minimum requirement to create an event

log, the exemplary process mining outputs such as process discovery, conformance check, lead times

analysis or waiting time analysis shown in Figure 4 would not have been obtained without the traceability

system.

− QI 2: Missing data values in data source system

Relevance of QI 2: Depending on the implemented source system in each production case, the likeliness

of missing some relevant data points in operational practice is high and therefore an important QI to be

considered.

Impact of traceability system on QI 2: Incomplete data generation with missing values is more likely

to appear in a manually working traceability system than in a highly automated one. The ability to avoid

missing data depends highly on the automation level of the traceability system and the operator’s
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reliability in the case of a high manual level. In this use case a manual traceability system with hand 

scanners is implemented. An important measure for the successful and complete data acquisition is to 

instruct all users of the traceability system on its correct handling. Relying on the manual handling of the 

traceability system and a planned acquisition of 3.288 data points in 274 cases (sum of manufactured 

products), only 7 data points were missing. That’s an error ratio of about 0.21%.  

Impact of traceability system on process mining: Considering the error ratio of 0.21% in the event log, 

the process mining analysis and output is practically not affected by the few missing values. 

− QI 3: Misspelled data in data source system

Relevance of QI 3: Misspelled data points can occur especially when implemented source systems

require manual system inputs by operators. Large amounts of misspelled data in a dataset may cause

major efforts in the pre-processing phase when detected, otherwise subsequent data analysis become

obsolete.

Impact of traceability system on QI 3: Traceability systems offer technological possibilities such as

optical labels (e.g. data matrix code) or RFID tags that save identification numbers and transfer those

when captured via optical scanner or RFID receiver to a source system. In this use case, a data matrix

code is used to provide the component ID and the machine ID so that misspelled data cannot occur during

data acquisition.

Impact of traceability system on process mining: Using the technological options to save relevant data

in optical codes or RFID tags, no manual inputs into the traceability software are required. As result,

there is no misspelled data available in the event log.

− QI 4: Insufficient data profiling of data sources such as lack of data validation routines at source system

Relevance of QI 4: As Figure 3 demonstrates, the first opportunity to perform data profiling is possible

at phase 2 (data acquisition) at the source system, such as the traceability system in this use case. The

second opportunity is at phase 3 where a combined dataset is formed out of several possible source

systems in a data warehouse. Validation routines represent data capturing rules that support the

acquisition of the right data as needed. When applied in phase 2 and 3, the risk of crating QI is

counteracted.

Impact of traceability system on QI 4: In the use case, the traceability system is used for data profiling

to ensure the high quality of the generated data. Therefore, data validation routines are embedded in the

traceability system. This is even more important when the traceability system is operated manually and

errors in the data generation phase are more likely to happen. For instance, the system captures only data

points if the specified scan sequence is followed. For the traceability system to capture every individual

production step of a product as valid data point, the machine ID must be scanned firstly, the component

ID secondly. Additionally, both scans need to be performed within 10 seconds. This way the accidental

capture of data can be avoided.

Impact of traceability system on process mining: The used validation routines add significantly to the

generation of a high quality event log. Component IDs or machine IDs are not obtained as individual data

points so that the case ID and the corresponding event are always saved together. This way, outputs such

as discovery, conformance check, lead times etc. are not distorted.

− QI 5: Hand coded data profiling is likely to be incomplete or results in an inappropriate selection of

automated profiling rules

Relevance of QI 5: QI 4 and QI 5 are related. QI 4 represents the conceptual level of what validation

rules are useful to preserve the same data quality. QI 5 refers to the technical implementation of the

validation routines via coding. Potentially, the selected validation routines embedded as rules in the

system can declare correct data points as invalid and do not capture them.

Impact of traceability system on QI 5: To ensure the coded rules in the traceability system contribute

positively towards data quality and data completeness, tests with possible errors have been conducted to

analyse if the implemented rules in the system function as expected and do not cause new QI. Moreover,
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the traceability system is designed to support operators by giving feedback if the intended scanning 

process is performed correctly and valid data is generated successfully. This gives system users the 

chance to verify if the system captures the correct data.  

Impact of traceability system on process mining: The result of embedding coded rules for the 

automated validation of generated data in the traceability system is a reliable event log providing useful 

outputs as shown in Figure 4.  

The analysis of the manufacturing use case demonstrates the high impact of traceability systems enabling 

the process mining analysis by generating the required process data. It outlines that the traceability system 

has the capability to improve the data handling by avoiding or at least minimizing the risk of QIs to occur 

and hence ensuring the reliability of the obtained outputs. 

Summary and Outlook 

This paper investigates the impact of traceability systems on data quality issues (QIs) and process mining 

results, based on a manufacturing use case in a production network. First, the connection between traceability 

and process mining is explained through the data value chain (DVC) concept in six phases. A thorough 

literature review results in the identification of four groups of QIs that are distinguishable by the location in 

which they occur along the DVC. Considering the application of the DVC phases on the use case, there are 

two (out of four) groups of QIs, “QIs based on data sources” and “QIs based on data profiling” that can be 

assigned to the traceability system and hence be positively affected by it. The investigation of five concrete 

QIs out of the two groups confirms that traceability systems can avoid QIs and improve the number and 

reliability of process mining outputs.  

Traceability systems have a great potential to provide process data that enable transparency through process 

mining analysis in production. Due to growing complexity and more frequent use of process mining in 

production, traceability systems are not only relevant for commonly known purposes such as recall 

campaigns, but also take on an important role in today’s data-based production management. As a supplier 

of valuable process data, they have the capability to enable transparency through process mining in 

production, firstly by providing the selected data points needed and secondly by its ability to prevent the 

occurrence of QIs.  

Future research in the field of traceability needs to develop a scientific approach that allow companies the 

target use of traceability systems as a data supplier in production. This approach needs to address the question 

of how to configure a traceability system in order to maximises the number of process mining outputs and 

hence, the gained data-based transparency. At the same time, the traceability system’s ability to avoid the 

potential occurrence of QIs needs to be considered in this approach, so that it contributes to reliable and high 

quality results of process mining analyses. 
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Abstract 

The sustainability of industrial processes and products is a core issue of our time. There are several 

approaches to move from a linear, inherently wasteful economic principle to a circular economy focused on 

conserving products, resources, and energy. However, selecting which of the circular economy strategies 

ranging from reuse, repurpose, and remanufacture to recycling is crucial to ensure the economic viability of 

the product. This contribution proposes an iterative, component-based circular economy strategy selection 

method that supports product and production planners in choosing the appropriate circular economy strategy. 

For this approach, the suitability of each component for circular economy strategies is assessed based on 

identified key properties. In case of no fitting strategy, further component decomposition is devised, and the 

process is repeated. To further support the design of circular economy strategies, a modular process build 

set is suggested, enabling the swift composition of the processing sequence. The approach is then applied to 

the example of an electric motor of a battery electric vehicle. The presented approach allows a quick first 

assessment of the viability of different circular economy strategies and helps product and production 

engineers develop product-specific circular economy strategies. 

Keywords 

Circular Economy; Strategy Selection; Sustainable Production; Electromobility; Product-Process Co-

Design;  

1. Introduction

Due to rising environmental concerns, the issue of sustainability and the preservation of resources is 

increasingly seen as a fundamental challenge of industrial production. The classical, so-called linear 

economy model inherently consumes finite resources and creates non-usable waste. The circular economy 

(CE) approach conserves the value of products that are no longer in use by restoring their functionality, using 

them for different purposes, or transforming them into new products. The available circular economy 

strategies have been described extensively, most comprehensively by the 9R model [1]. Each strategy 

preserves different aspects of a product, so that the question of which strategy to choose arises. The 

consensus is to prefer the closest loop possible, thereby retaining as much value inherent in a product and 

performing the least work [2]. However, deciding what exactly denotes what is possible is difficult, 

especially since many factors have to be considered, including economic feasibility. This issue is especially 

prominent when creating the structures to enable a circular economy for an existing or new product. In this 

case, several different options have to be weighed to find the best solution. This problem is complicated by 
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the complexity of many modern products, especially if individual components are best suited for different 

CE strategies. While it is technically possible to calculate business cases for each combination of CE 

strategies, this quickly becomes prohibitively laborious. This paper thus proposes a methodology to 

determine fitting CE strategies based on an assessment of the properties of the examined product. It further 

offers an approach to define the necessary industrial processes to facilitate the chosen CE strategies. This 

overall approach is applied in an exemplary case of an electric car drive, showcasing its potential.  

This paper is structured as follows: first, section 2 examines the fundamentals of circular economy and 

summarizes the current state of research regarding the issue described above. Next, section 3 introduces the 

methodology for selecting fitting CE strategies and creating matching processes. This approach is then 

applied exemplarily on an electric drive. Subsequently, section 5 discusses the potential applications and 

limitations of this approach. Finally, section 6 offers a summary and outlook. 

2. Fundamentals of Circular Economy

The extraction and processing of natural raw materials are the cornerstones of today's industrial production. 

The decreasing cost and increasing efficiency in their extraction and processing have been a basis for the 

growth of the world economy and the improvement in global living standards for years [3]. Thus, today’s 

manufacturing industry mainly relies on a linear economy model characterized by a “take-make-use-

dispose” mindset [2]. To preserve the biodiversity and habitable characteristics of the planet, there are good 

industrial and societal reasons to increase the use of secondary resources in manufacturing, i.e., through the 

recovery of materials and resources from end-of-life products [3]. According to a study from the Circular 

Economy Initiative Germany, a complete transition to a circular economy can reduce consumption of natural 

resources by 50 % until 2050 compared to 2018 [4]. A circular economy is thereby defined as an industrial 

system, which is restorative and regenerative by design [2], and by means of which products, components, 

and materials are kept at their highest utility and value along the entire life cycle [5]. In literature, many 

frameworks already capture the circular economy, of which the 9R model is the most comprehensive [1]. 

These 9R describe different CE strategies, which include: (1) refuse, i.e., preventing the use of raw materials 

in the first place, through (2) reduce and (3) reuse, product recovery options like (4) repair, (5) refurbish 

and (6) remanufacture, to (7) repurpose, and lastly (8) recycle and (9) energy recovery [1]. With every 

increasing step of the 9R model, the level of circularity, i.e., the volume of raw material extraction and 

negative environmental impact decrease. A high level of circularity improves economic, social, and 

ecological value creation. However, feasibility and different characteristics, e.g., product composition, 

market and competitor situation, or legal and governmental restrictions, need to be considered [2,1]. 

This paper is based on the 9R model. However, some alterations are made to accommodate the application 

in the design of circular value streams. Thus, the options refuse and reduce focussed on product design and 

resource procurement are foregone. The options repair, refurbish and remanufacture are considered jointly 

under the term remanufacture, as they are mostly distinguished by the degree of alteration necessary to 

restore functionality. Energy recovery is considered a non-desirable outcome of the strategy selection but 

may be necessary in some instances. Accordingly, the CE-strategies considered here are: reuse, the use of a 

functional product in a similar application without significant alterations, repurpose, the use of a largely 

functional product in a different application, remanufacture, the restoration of a non-functional product while 

preserving existing functionality, and recycle, the destructive utilization of materials in a product for new 

products. [6]  

While a CE strategy describes the general idea and recovered aspects of a product, the particular CE process 

sequence still needs to be developed afterward. Unfortunately, there are no universally applicable process 

chains for CE strategies. On the contrary, many remanufacturing processes, for example, are designed 

differently and depend on the material, product layout, and different product or market-related criteria [7]. 
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Typical processes for remanufacturing are described by [8], while [9] describe recycling processes. 

However, while these process chains are different, they still consist of common elementary processes. 

According to [10], those are the collection and sorting of the waste, the inspection of the individual parts, 

and finally, the disassembly.  

3. CE Strategy Evaluation, Selection, and Process Development

As described above, selecting an appropriate CE strategy for a given product is crucial for achieving 

sustainability and economic viability. Thus, other methods for strategy evaluation and selection are 

necessary. There are several comprehensive but complex methods to determine suitable CE strategies. [11] 

propose a comprehensive multi-criteria decision tool to select suitable CE strategies. [12] assign CE 

strategies to product instances using Bayesian updating and fuzzy set theory at their EOL. [13] use an 

analytical hierarchy process and case-based reasoning to determine CE strategies based on similarity and 

consider both a product and a component level. Several other approaches exist, that examine the feasibility 

of remanufacturing products [14,15]. [16] present a tool for evaluation of product recycling using the concept 

of information entropy. Other approaches implement the preference for smaller circles by using a cascade 

model that prioritizes closer cycles wherever possible [17]. In terms of process development, most 

contributions are focused on describing relevant processes. [5] highlight the most important system level 

problems, methods and tools for re- and demanufacturing within the CE context. [18] discuss typical 

remanufacturing process steps in detail and provide a process sequencing model for cost minimization. [19] 

determine an optimal remanufacturing process sequences depending on product conditions. While several 

approaches exist in literature, most are focused on the most comprehensive evaluation. Furthermore, most 

approaches only consider the selection on the product level, instead of considering different options for each 

component. Finally, typically, the selection of strategies and their detailing is not considered jointly. 

4. Methodology for CE Strategy Selection and Process Development

The selection and development of suitable CE strategies and processes require a comprehensive assessment 

of the examined product and its components. Furthermore, different options for the CE processes should be 

considered and assessed before a fitting solution is finalized. Thus, this paper proposes a three-stage 

approach, based on the selection of relevant CE strategies from the 9R model described in section 2. The 

approach is shown in Figure 1. The overall process presented here was developed considering the following 

principles: 1) Use as little information as possible in every step to limit the necessary effort, 2) Generalize 

concepts where possible to aid applicability in different contexts, and 3) Detail as late as possible.  

Figure 1: Proposed Three-Stage Process for CE Strategy Selection, Process Development, and Implementation 

In the first stage, the fundamental properties of the examined product and its components are assessed. Then, 

based on this assessment, the suitability of CE strategies for the components is evaluated and a fitting CE 

strategy complex comprising CE strategies for all components is established. Subsequently, the selected 

strategies are detailed using a building set of CE processes in stage two. Finally, process variants and 

automation potentials are considered in stage three, and necessary information exchange technologies are 
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laid out. After this process, a comprehensive concept for designing a circular value chain for a specific 

product exists. The required steps are specified in the subsequent sections. 

4.1 CE Strategy Selection 

The first step of the process is the selection of fitting CE strategies for products and components. To assess 

whether a CE strategy is suitable for a product or component, first, the relevant characteristics of each CE 

strategy have to be considered. These can then be matched with product characteristics to obtain a suitability 

score for each product-strategy combination. For the assessment products and components are considered in 

their average end-of-life (EOL) state. To determine the criteria that describe the suitability of a strategy, first, 

a qualitative literature study of CE strategy characteristics was performed. With these first results, expert 

interviews were conducted to weigh the relevance of different criteria using pairwise analysis. The experts 

were selected from both academia and industry and covered product, production, and circular economy 

knowledge. Table 1 shows the selected criteria and their respective weights for each CE strategy. In addition 

to four considered CE strategies, the disassembly of the product or component is also evaluated as an option. 

Table 1: CE Strategy Selection Criteria and Respective Weights for each CE Strategy based on Pairwise Comparison 
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EOL Condition 
Overall condition of the component at EOL (wear, 

damage, defects) 
0.45 0.38 0.32 0.15 

Technical Relevance 
Component still usable in its design form, corresponds 

to the state of the art 
0.30 0.14 0.15 

Volume Demand, quantity of products 0.08 0.09 0.08 

Residual Value Age, material value of the unit 0.08 0.08 0.09 

Applicability Usability in other applications 0.38 

Conversion Effort Cost and effort for use in other applications 0.08 

Remanufacturing Effort 
Cost and effort for reconditioning the parts to new 

condition 
0.27 

Raw Material Value Value of the included materials/raw materials 0.45 

Disassembly Effort Cost and effort of recovering the raw materials/materials 0.23 0.15 

Recycling Rate Recyclable portion / total part 0.15 

Modularity Possibility of disassembly into functional subunits 0.45 

Cycle Preference Preference for CE strategy 4 3 2 0 1 

To perform the selection process each of the criteria need to be evaluated for an examined product, for 

example using a 0 to 4 scale. Then the overall score vp,s for each product 𝑝 and strategy 𝑠 is expressed as

𝑣𝑝,𝑠 = ∑ 𝑐𝑝,𝑖𝑤𝑠,𝑖𝑖∈𝐶 + 0.1𝑐𝑝𝑠  (1) 

Where cp,i is the product specific criteria score, ws,i the strategy specific criteria weight and cps is the cycle

preference of the strategy. The cycle preference is added to create a preference for smaller cycles as described 

by [2]. Subsequently, the highest-scoring strategy is selected. If disassembly is selected, the most natural 

decomposition of the product into components has to be determined. For each of those components, the 

process is then repeated. If multiple best scoring strategies are within a close range, each option should be 
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considered in more detail. The result of the evaluation model is summarized in a strategy complex, as shown 

in Figure 2. The model provides a general estimate of the practical utility of all considered CE strategies. 

The process complex resulting from the evaluation model indicates which CE strategies are targeted for the 

respective component and its sub-components.  

Figure 2: Iterative Selection of Strategies and Resulting Strategy Complex 

4.2 CE Process Development 

After establishing a CE strategy complex for a given product, a process sequence is developed. As noted in 

section 2, CE strategies consist of several processes depending on the examined product. It is noticeable that 

the CE strategies share similar processes and differ mainly in the arrangement, number, or combination of 

those. Thus, this contribution proposes a modular process build set, containing multiple elementary 

processes, that enables the swift composition of process sequences. As indicated in section 2, different CE 

strategies share several elementary processes which can be utilized in the process build set. The considered 

elementary processes and their relevance for the different CE strategies are shown in Figure 3. The 

elementary processes are collection, disassembly, sorting, and inspection, as proposed by [10]. Additionally, 

cleaning, repairing, material separation, and assembly are included. These elementary processes where 

identified through a qualitative commonality analysis in CE process descriptions in scientific literature. Even 

though some other processes exist, the presented elementary processes represent the core of the typical CE 

strategies. The CE strategy recovery is included in the build set, as it may be necessary for some defective 

product instances. 

Figure 3: Elementary Processes and their Application in Different CE Strategies 

A process skeleton is devised using the strategy complex developed in 4.1 and the relevant elementary 

processes for each strategy. The resulting process sequence is modelled using the event-driven process chain 

(EPC). As the previously selected CE strategies only specify the process for an assumed general product 

instance, an inspection, sorting, and deviation handling needs to be implemented before every CE process. 
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The deviation handling allows for the recovery of specific product instances not corresponding with CE 

strategy requirements. 

4.3 Technological Implementation 

Next, the elementary processes need to be specified for use with the particular product or component for the 

technological implementation. For each elementary process, criteria to help define the suitable process 

implementation variant were identified. The implementation variants were determined by analysing CE 

process descriptions and identifying commonly described variants. Based on the recognised variants, 

influencing criteria on the selection of process variants were determined. Depending on those criteria, a 

suitable process variant can be selected. As this criteria and variants are significantly more complex 

compared to the decisions made in 4.1, no deterministic selection scheme is proposed. Instead, the specific 

criteria serve as the basis for a more comprehensive decision process regarding the variants, utilizing expert 

knowledge. The relevant criteria for each elementary process and important process variants are shown in 

Figure 4.  

Figure 4: Elementary Processes, Relevant Selection Criteria, and Important Implementation Variants, 

Furthermore, each process can be automated to varying degrees, similar to different degrees of automation 

in linear production. To determine the fitting degree of automation, the variability or the condition of the 

processed products and components also need to be considered. Historically, the processes of disassembly, 

inspection, and repair have been challenging to automate, as they are highly dependent on product condition. 

However, more recently, traceability technologies have emerged that aid product and component 

identification and facilitate automating inspection by using condition monitoring [20]. To enable this 

automation in CE processes, implementing a specific traceability system may be beneficial [21]. Also, 

significant improvements have been made in terms of adaptive robot-based disassembly and repair systems. 

With the conclusion of the technological implementation, the first draft of CE processes for an existing or 

currently developed product is derived. An example of such a process draft is shown in Figure 6. This draft 

may be used to gauge the viability of CE strategies for a particular product and can serve as a basis for more 

detailed planning of the overall CE strategy and the necessary processes. 

5. Validation

Battery electric vehicles (BEV) have seen rapid growth in the last decade. BEV’s are intended to replace 

cars with internal combustion engines, reducing personal mobility's environmental impact. As batteries and 

many electric drives rely on specific, naturally limited resources, designing fitting CE strategies is vital for 

sustainability. For this paper, the CE strategies for a permanent magnet synchronous motor (PMSM) are 

selected and detailed. In this case, it is assumed that the majority of the PMSM is still functional at the EOL 

of the vehicle. The design of PMSM for automotive appliances follows a typical structure consisting of a 

casing, an external stator, and an internal rotor. The casing is typically manufactured as one-piece casting 
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and is sealed by an endplate. The stator contains copper coil windings with different configurations 

depending on the winding method. The rotor consists of a solid rotor shaft on which the stacked plates are 

joined and which is mounted in the housing with bearings. The permanent magnets are attached to the stacked 

plates by pressing or gluing. [22]  

The three-step model introduced in section 3 is applied to the PMSM and its components and sub-

components. The scoring of the evaluation criteria is established, and the result of each iteration is 

summarized. The scoring of the individual evaluation criteria was based on information from expert 

interviews. In the 1st Iteration, the full EOL PMSM was examined. PMSM in their EOL state are still 

functional. However, various minor damages can occur to the motor. Due to the contained valuable raw 

materials such as copper, the raw material value and the recycling rate of the motor are high. Moreover, the 

overall residual value is high due to the overall good condition and the extensive value-adding processes in 

the manufacturing process. Although further development of electric drives is expected, technical relevance 

compared to then low-budget PMSM is conceivable. Due to the design, dismantling to the next smaller sub-

components is relatively easy. The result of the first iteration was thus further disassembly. For the 2nd 

Iteration, the sub-components casing, stator, and rotor are considered. The casing is made up of 

predominantly homogeneous materials. Here the residual value of the materials and the good EOL state are 

dominant. At the end of the evaluation, the casing is eligible for remanufacturing or recycling. The rotor has 

high residual and material value due to the contained copper, which is easily recyclable. Thus, recycling is 

selected. The rotor of a PMSM consists of a solid steel rotor shaft that carries the laminated cores with the 

permanent magnets. The condition and residual value of the rotor can be rated as good. At the same time, 

the material value of the installed components varies greatly. However, the sub-components can easily be 

further dismantled. Therefore, the result of the evaluation initiates another iteration. The 3rd Iteration is 

conducted for the sub-components of the rotor. These are identified as permanent magnets and rotor shafts 

with laminated cores. The overall result of the strategy selection is shown in Figure 5. 

Figure 5: Resulting Strategy Complex for PMSM 

The next step was the definition of a more detailed process chain. For this purpose, first the disassembly, 

inspection, and sorting sequence was connected with each of the strategies. Then each strategy was detailed 

using the process build set introduced in 4.2. In case the previous step selected multiple potential strategies, 

the strategy with the highest circle preference was used in the process development. Figure 6 shows the 

resulting process chain. 

To arrive at a detailed process draft, each process step depicted in Figure 6 was further detailed using the 

methodology discussed in section 4.3. This included the selection of process variants based on product 

properties. Furthermore, fitting automation levels were selected. To enable a cost-efficient circular economy, 

a high level of automation is desirable. To facilitate a high degree of automation, a traceability system was 

planned that allows automated inspection and sorting by offering information on the likely condition of rotor 

and casing based on usage sensors and identification of product variants. The resulting process chain can be 
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used to plan a circular production system for PMSM. It shows how a first draft of this system can be created 

with relatively little effort. This draft helps to evaluate whether existing process chains should be 

reconsidered and guides more detailed considerations of the different available options. 

Figure 6: Determined Process Chain for PMSM, Colours Indicate Different Strains of the Process Chain 

6. Discussion

Although the approach presented in this paper aims at a comprehensive decision support method for circular 

economy strategy selection, its utilization and advantageousness are subject to some restrictions. First, the 

application is most suitable for the system design phase of a circular economy. It assumes many degrees of 

freedom, i.e., regarding the product design, market and competitor situation, or design of business models 

and closed-loop supply chains. Moreover, a sufficient return of EOL products in terms of volume and quality 

is assumed to be profitable. Second, the proposed model only partially considers the organization's specifics 

regarding its overall business model, capabilities, and influencing factors. Thus, the model may be used to 

develop an initial CE strategy and process complex that can be refined using more detailed planning 

procedures. Lastly, the approach relies on subjective assessments of the decision-makers. Although the 

subjectivity can be reduced, e.g., through comparative analysis and inclusion of multiple perspectives, there 

remains at least some level of subjectivity, leading to different outcomes for different decision makers. 

7. Summary and Outlook

This contribution proposed a methodology for selecting and configuring CE strategies in an early design 

stage. The methodology combines a comprehensive consideration of product properties with high 

practicality and may thus limit the effort necessary to derive sensible CE strategies. As many organizations 

today face the challenge of quickly adapting to a CE paradigm, the proposed method could help focus and 

guideline the transformation.  

In the future, the methodology could be expanded by including a more quantitative analysis regarding the 

economic and ecological viability of the different options. Additionally, the effect of other criteria on strategy 

suitability, estimated based on expert interviews here, could be examined empirically. Further research on 

cross-company traceability technologies is necessary as they have shown significant potential in enabling 

the automation of CE processes. Finally, a further investigation of product design for CE strategies is 

essential to enable more effective and efficient CE processes while retaining product performance.  
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Abstract 

Companies are under tremendous pressure to analyze and optimize their productional and logistical networks 

in today's global business world. Hence, practitioners and researchers show great interest in digital twins. A 

digital twin is a virtual construct that mirrors real-world objects and conceptual ideas while it processes, 

handles, distributes, and optimizes data streams. Its main purpose is to visualize, analyze, and optimize 

objects and systems, making a digital twin highly suitable to help companies gain an advantage over their 

competitors through a great degree of transparency over their production and logistics. Therefore, almost 

every company evaluates the usage of digital twins. Nevertheless, many companies struggle to instantiate 

digital twins since they lack fundamental knowledge about all necessary components of a digital twin and 

the individual requirements for the operation of the digital twin. This lack of knowledge hinders the broad 

implementation in practice. Research shows many descriptions of theoretical use cases and field studies but 

rarely describes digital twins in real operational settings. To address this research gap between theoretical 

concepts and practical challenges of the implementation of digital twins, this paper investigates the practical 

requirements of digital twins in real-life usage. Based on a thorough interview series with international 

manufacturing and logistics experts, we identify and analyze the requirements for data handling, data policy, 

and services of digital twins and cluster them according to the requirements engineering approach. Through 

a comprehensive overview of the different requirements, the paper delivers profound insights into the needs 

of companies from various fields and, therefore, gives practitioners a guideline on crucial aspects of 

implementing digital twins. 

Keywords 

Digital Twins; Production; Logistics; Practical Requirements; Interview Study 

1. Introduction

Modern global business environments face significant pressure to perform in a holistic analyzed, and 

optimized setting. This mainly includes production as well as logistics networks. Hence, a thorough search 

for digital tools helping with the optimization processes has started. A promising tool for these tasks is the 

digital twin. Thus, practitioners and researchers are interested in digital twins [1,2]. A digital twin mirrors 

physical counterparts, processes data, and provides the opportunity to create optimized processes [3]. 

Significantly, the digital twin`s primary purposes, including visualization, analysis, and optimization of 

objects and systems, provide appropriate resources for companies to gain an advantage over their competitors 

by providing a high level of visibility into their production and logistics [4]. As a result, almost every 

company is evaluating the use of digital twins [5,6].  
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However, due to the significant gap between scientific research and practical knowledge, companies still 

struggle to implement digital twins suitable for real-world applications. Of considerable relevance are the 

topics of the necessary components of a digital twin and the individual requirements for operating the digital 

twin. This lack of knowledge blocks widespread implementation in practice leading to the following research 

questions: 

RQ1: What are the individual requirements for digital twins in production and logistics? 

To bridge the gap between scientific knowledge and practical implementation, users need to know the 

individual requirements. To gain an industry-focused result, we aim at a practice-oriented approach for 

gathering requirements for digital twins. Based on these particular requirements, we can derive a broader 

framework leading to the second research question:  

RQ2: What are the fields of interest /categories for practitioners concerning the requirements for a digital 

twin? 

From these synthesized requirements, modules and clusters bring further order to the field of knowledge. 

We expect multiple insights from interviews with industrial experts. However, as only few companies have 

implemented a digital twin, we must wonder whether the industry is ready to tackle the topic of digital twins: 

RQ3: Is it worthwhile to have a closer look at the practical requirements of digital twins? 

Knowledge about the requirements of a specific object permits further scientific artifacts, which may enable 

practitioners to implement more of these artifacts. Together with the question of whether the practitioners 

are ready for implementation, we pave the way for further practice-oriented research.  

The paper is structured as follows. The following section provides the basics about digital twins, after which 

we outline the research approach. In section four, we discuss the results and outline the different 

requirements. Finally, we conclude the paper and provide the contributions, limitations, and further research 

possibilities.  

2. Theoretical Background

Starting from physical twins that have been applied in production for decades [7], the concept of digital 

twins constantly evolves [2]. The original digital twin concept stems back to a lecture by Michael Grieves 

describing a digital twin as a three-part concept [8]. According to Grieves, a digital twin contains a physical 

product, a virtual product, and a bi-directional data flow between both products. This description was 

expanded by two additional elements, including sensor data and historical data sets at a later point [3]. [9] 

provides further relevant insights into digital twins, defining digital twins as an extension of digital models 

and distinguishing digital twins from digital shadows through the type of data linkage since digital twins 

possess a bi-directional data linkage to their physical counterparts. Furthermore, [10] describe the data 

handling methods of a digital twin and focus their work on the service domain of a digital twin. [2] and [11] 

provide more specific descriptions of digital twins. The former describes eight different dimensions of a 

digital twin: data link, purpose, conceptual elements, accuracy, interfaces, synchronization, data input, and 

time of creation [2]. The latter describes similar dimensions. Nevertheless, they add the dimensions 

physically, environment, fidelity, and state of the system [11]. 

[4] provide a combination of the above developments and define five archetypes of digital twins. The

following definition forms the basic understanding of digital twins in this contribution:

“The Digital Twin is a virtual construct that represents a physical counterpart, integrates several data 

inputs with the aim of data handling, data storing, and data processing, and provides an automatic, 

bi-directional data linkage between the virtual world and the physical one. Synchronization is crucial 

to the Digital Twin to display any changes in the state of the physical object. Additionally, a Digital 

33



Twin must comply with data governance rules and must provide interoperability with other systems” 

[4, p. 14]. 

Requirements for digital twins are seldomly examined. A comparison within the common databases shows 

that less than one percent of the literature on digital twins deals with requirements for digital twins [12]. The 

current works are either literature reviews (e.g., [13] or [14]) or focus on specific domains, mainly in the 

context of manufacturing (e.g., [15] or [16]). Commonly listed aspects are a bi-directional data linkage, 

specific interfaces (HMI and M2M), or real-time capabilities. Many requirements, however, may be directly 

synthesized from the given definitions. Therefore, we aim for a more practical approach and capture the 

requirements from real-world applications. 

3. Research Approach

Requirements engineering is a methodology for defining requirements for a technical system or a technology 

such as the digital twin [17]. In this context, requirements are properties that technology needs to possess. 

These requirements can also be framework conditions under which the technology must perform [18]. 

According to [19], requirements engineering consists of the four steps identification, analysis, specification, 

and validation. 

First, the requirements must be identified by analyzing existing systems or conducting interviews with 

selected experts. This leads to a plethora of unsorted requirements (step 1). We chose an empirical approach 

and conducted several interviews (see Table 1). This paper presents research in progress and, hence, we 

started with a small sample of six interviews, three with experts from logistics and three with experts from 

productional contexts. Another goal of this study is to evaluate whether more in-depth research with an 

extended interview series is appropriate. Hence, further interviews will follow.  

Table 1: Sectors and Company Sizes of the Interviewees 

# Sector Company Size 

1 Logistics >50,000 employees

2 Production >80,000 employees

3 Production >20,000 employees

4 Production >7,000 employees

5 Logistics >100,000 employees

6 Logistics >50,000 employees

The interviews follow the approach of [20]. The starting point is the identification of the interview partners. 

All six interviewees are experts with many years of experience in their respective fields of work. The mixture 

of the interviewees provides a balanced picture of different domains, i.e., logistics and production. The 

interviews followed a semi-structured approach, as we did not prescribe many questions but aimed for a free 

conversation and just provided the interviewee with thematic blocks [21]. To identify the necessary expertise 

of the interviewee, we first asked introductory comprehension questions regarding digital twins. 

Nevertheless, following the advice of [21] and [22], we ensured combability between the individual 

discussions through minor guidance if an interviewee digressed from the core of the discussion, the 

requirements. All interviews were recorded and transcribed.  

During the analysis's second step, we sorted the requirements into groups. These groups contain 

requirements, which show relations amongst them. One way to analyze is to differentiate between functional 

and non-functional requirements. According to [17], functional requirements define what is to be executed 
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by a technology. On the other hand, non-functional requirements describe how the technology should 

function. Another task of the analysis is the elimination of identified redundancies, and lastly, the 

prioritization of the requirements (step 2). During the specification phase (step 3), we streamline the 

formatting of the requirements. We furthermore performed both steps simultaneously and listed all 

requirements chronologically. Then, we coded each requirement to gain comparability between the 

requirements. In addition, it allowed us to identify and synthesize duplicates. In total, the interviews provided 

30 individual requirements. After the analysis and specification, eight distinctive requirements were left. 

Finally, there is a validation of the requirements by comparing the requirements with the stakeholders' 

expectations (step 4). 

4. Requirements for Digital Twins

The eight distinctive requirements deal with different aspects of a digital twin, i.e., data handling, data 

policies, or digital twin services (DT Services). Table 2 provides an overview of the requirements.  

Table 2: Derived Requirements 

RQM Requirement Category 

1 Synchronization between digital and physical parts must be reliable Data Handling 

2 Data sovereignty / Control over which data is exchanged and for how long Data Policies 

3 Data security, data protection, and data governance rules must be implied Data Policies 

4 Role allocation for digital twins through neutral standard access rules Data Policies 

5 A digital twin must possess real-time monitoring and data analytics DT Services 

6 A digital twin must possess simulation and prediction tools DT Services 

7 Data sharing capabilities and interfaces for data sharing must be present Data Handling 

8 A digital twin must be (at least) semi-automated Data Handling 

4.1 Requirement 1: Synchronization 

Three out of six interviews demand specifically a reliable synchronization between a digital twin and its 

physical counterpart. In this context, all interviewees refer to real-time synchronization. Nevertheless, one 

interviewee (interview 4) preferred a semi-manual synchronization, allowing for a manual update of the 

digital twin and a fully automated solution. This is especially beneficial when dealing with use cases at an 

early stage of development, where the physical system is not yet equipped with devices for real-time 

communication, i.e., IoT-capable sensors.  

The other two interviewees did not specify the level of automation of the synchronization. Nevertheless, 

both demanded a reliable synchronization, which draws a precise image of the real-time conditions: 

“Now the components and requirements. […] It [the digital twin] should be easy to 

integrate and provide the transparency about the real real-time conditions.” 
Interview 1 

This corresponds with many descriptions from the literature, e.g., [3], [4], or [11]. Hence, real-time capable 

synchronization is a critical requirement for digital twins.  
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4.2 Requirement 2: Data Sovereignty 

Five out of six interviewees consider data sovereignty and control over data a mandatory requirement for 

digital twins. Data sovereignty is crucial for digital business processes as it enables active monitoring of data 

usage and the restriction of unwanted use [23].  

Data sovereignty is essential for data sharing via digital twins: 

“Interviewer: So, you are saying in this context there have to be certain requirements 

that you can restrict areas [of the digital twin], that you control access, or only release 

what you want to release and for how long you want to release it? 

Interviewee: Yes, absolutely, because otherwise, I possess a great model that I will 

never disclose to anyone because otherwise I am completely blank and lose my 

competitive advantage.” 

Interview 4 

Interviewees agree that maintaining data sovereignty is fundamental for collaborative data sharing. However, 

as [24] state, digital twins form an essential basis for the collaborative use of technical data. Therefore, the 

consideration of data sovereignty is mandatory for digital twins. Based on the general importance of data 

security for industrial data sharing and the interviews, we see that the aspect of data sovereignty is of crucial 

significance for digital twins.  

4.3 Requirement 3: Data Security, Data Protection, and Data Governance 

Data governance and the related data security and protection mechanisms are the third requirement. Four 

interviewees agree with the importance of data governance for digital twins. However, the data governance 

may affect two aspects – the data and the digital twin: 

“There is data governance via the data sources. Where does the digital twin get its data? 

Then it's the digital twin itself. That is more or less a data representation.” 
Interview 2 

Data governance rules for data are not new, as they are generally necessary and determine any data handling 

processes. Nevertheless, data governance rules for a digital twin are a novelty. It is not surprising that these 

governance rules are requested, as a digital twin, as any digital object, permits data manipulation and, hence, 

needs rules for data protection and safety.  

4.4 Requirement 4: Role allocation 

Related to the data sovereignty and data governance, but introduced as an independent aspect, is the role 

allocation:  

“A digital twin should be so modular that I have the option of making the digital twin or 

the functions of this twin accessible to certain user groups. So that it is a multiuser 

concept, with appropriate roles and permissions.” 

Interview 2 

Half of the interviewees demand a role allocation. While this allocation is somewhat a standard procedure 

regarding data sharing and access tools, it is not typical concerning digital twins. The interesting aspect is 

that role allocation is demanded not only for the data inside the twin but also for the twin itself. Besides 

aspects like who may see data and contents of the digital twin, another essential aspect is the ownership and 

legal responsibility of the digital twin. This is particularly important for digital twins that accompany a 

specific product over its life cycle. The B2C sector, where the digital twin over all instances of the product 

line may stay with the manufacturer, does not seem to pose a considerable problem. Nevertheless, this 
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circumstance may lead to significant disputes in the B2B sector. While company A sells the physical product 

to companies B and C, it wants to retain control of the digital twin. On the other hand, companies B and C 

are interested in possessing the digital twin data.  

A rule catalog for these cases is mandatory. For example, the seller may offer instances of the digital twin, 

in which the buyer only accesses the data of his physical counterparts.  

4.5 Requirements 5 & 6: Services of the Digital Twin 

Recent works enhance the classical view of digital twins and demand that a digital twin provides certain 

services (e.g., see [25] or [26]). A service defines as a non-physical performance a company offers [27]. In 

this context, we define the services of a digital twin as possibilities to work with data within the twin.  

Having a closer look at the literature about digital twins, simulation, prediction, monitoring, and analysis 

seem to be the most important services a digital twin offers [28,4]. The interviews back this expectation: 

“I think one important point is a video analytics use case. For example, you could start 

using a "heat map" to make the topics and processes of employees transparent. You 

know that they are there today and are working well, and you have some characteristics 

or some functions that you can read from the scan points, but how do the processes run 

in detail, and what potential is there? These are the topics I would start with.” 

Interview 1 

“The digital twin is also a model, a shortened representation of reality and, in this case, 

a simulation that automatically shows the current status.” 
Interview 4 

The interviewees request these services as mandatory parts of a digital twin. Though, the interviewees 

distinguish between two specifications. On the one hand, the services monitoring and analysis represent one 

symbiosis, while on the other hand, the services simulation and prediction create the second aggregation. In 

both cases, a service that leverages the results of the preceding ones is merged. We follow the more realistic 

view and consolidate the different services into requirements five and six. A digital twin should contain 

monitoring and analysis as well as simulation and prediction services.  

4.6 Requirement 7: Data Sharing and Interfaces 

Besides the different services a digital twin provides, the interviewees requested data sharing capabilities 

and interfaces for data sharing.  

“A shared digital twin is definitely a topic that is very, very interesting and very, very 

important for us that the digital twin runs across organizational boundaries. Because we 

are looking at the lifecycle here.” 

Interview 5 

As described by the interviewees, a digital twin needs data from different entities when monitoring the life 

cycle. Therefore, a digital twin must have appropriate interfaces that enable such distributed data acquisition. 

Furthermore, these interfaces are even more critical if a digital twin has to represent logistics processes. In 

this case, multiple data sources from different entities of the supply network must be synthesized. 

4.7 Requirement 8: Semi-Automation 

Lastly, the level of automation must be analyzed. While interviewee 2 demands a fully automated digital 

twin, this is impossible for every individual use case. 
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„For me, it is already a prerequisite that this process is automated. That information 

flows automatically into these systems in which or from which the digital twin obtains 

its information or even directly flows into the digital twin automatically. “ 

Interview 2 

Many use cases demand a manual interference opportunity. Infrastructural use cases even need manual 

interference interfaces for regulatory reasons. Therefore, in this context, it is necessary to have the option of 

manual intervention. This leads to the necessity of a semi-automated digital twin. The requirement is closely 

related to the first one. However, as requirement one concentrates on the (automated) synchronization, here 

a broader focus must be applied, as all processes within a digital twin are included. 

4.8 Dependencies amongst the Requirements 

A closer look at the contents of the requirements shows similarities between several requirements. Self-

evident are the requirements RQM 2 – 4 and RQM 6 / 7. The first group of requirements is related to each 

other. All three requirements deal with rules and concepts for data security. Summarized, we subsume these 

requirements under the category of data policies. Similarly, requirements six and seven both describe the 

services of a digital twin. Hence, these requirements are subsumed under digital twin (DT) services. As 

stated above, these two requirements are functional requirements, which underline the service character of 

these two. The remaining three requirements, RQM 1, 5, and 8, describe how data is handled within a digital 

twin. Thus, we merge these three requirements in the category of data handling.  These categories are 

preliminary and can be expanded or combined as further requirements arise since categorization is highly 

dependent on individual use cases.  

Figure 1: Correlations of the Requirements 

Figure 1 shows further dependencies between the requirements. The figure is read in columns. We compare 

how often a specific requirement is mentioned together with another one. For example, each interviewee 

who demanded RQM 1 also mentioned RQM 2, whereas only two-thirds mentioned RQM 4. Fields with 

100% show requirements that should be implemented together. Very high values scores RQM 1 – 

synchronization – and RQM 6 – simulation and prediction. Digital twins, which are synchronized, therefore 

need data sovereignty, data governance, and data sharing capabilities. This seems obvious, though, data 

sovereignty and governance are often neglected in practice. For reliable results, these policies are whatsoever 

mandatory. 

Similarly, a digital twin that performs predictions and simulations requires reliable data inputs, as a solid 

database is essential for simulation purposes [29]. The comparatively low values for RQM 5, especially in 

conjunction with RQM 1, are surprising. Like the solid database for simulation, we consider a reliable and, 

above all, up-to-date database essential for monitoring purposes, but only half of the interviewees agree with 

this.  

Another aspect is the distribution of the requirements in comparison to the sectors. Very important for 

logistics seems to be data sovereignty, the allocation of roles to users, and data sharing capability. This is 

RQM1 RQM2 RQM3 RQM4 RQM5 RQM6 RQM7 RQM8

RQM1 0 0,6 0,75 0,66 0,5 0,66 0,6 0,66

RQM2 1 0 1 1 0,75 1 1 0,66

RQM3 1 0,8 0 0,66 0,5 1 0,8 0,66

RQM4 0,66 0,6 0,5 0 0,5 0,33 0,6 0,66

RQM5 0.66 0,6 0,5 0,66 0 0,66 0,6 0,66

RQM6 0,66 0,6 0,75 0,33 0,5 0 0,6 0,33

RQM7 1 1 1 1 0,75 1 0 0,66

RQM8 0,66 0,4 0,5 0,66 0,5 0,33 0,4 0
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plausible because of the nature of logistics as a highly distributed discipline, with many interfaces and 

different participants within one ecosystem. Hence, digital twins for logistics should focus on data sharing 

and distributing data while keeping measures in place to protect the data and underlying metadata.  

Figure 2: Sectoral Distribution of the Requirements 

A peak of interest for one requirement is not evident for productional contexts. Interestingly, only the role 

allocation does not seem to play any role for manufacturers. We see this justified through the relatively small 

sample of manufacturers. Nevertheless, the domain logistics shows that a more significant research study 

with more interviews might bring more precise insights.  

5. Conclusion, Limitations, and Contributions

In this contribution, we aimed to identify requirements for digital twins in logistics and production. For this 

purpose, we conducted an interview series with experts from the industry. Their answers were coded and 

analyzed. Furthermore, eight requirements were derived (RQ1). Namely, these are synchronization between 

digital and physical parts, data sovereignty, data security, data governance, and data policies, role allocations 

for a user with access to the digital twin, services a digital twin provides, e.g., monitoring and simulation, 

interfaces for data sharing, and semi-automated processes.  

Related to RQ2, these eight requirements may be grouped into different categories, i.e., data handling, data 

policies, and digital twin services. These categories provide further opportunities to analyze more 

requirements depending on each category. Lastly, this research should show whether further research is 

worthwhile (RQ3). The relatively small interview series provides very interesting insights. Hence, a broader 

interview series will provide deeper insights and may bring specific requirements for certain domains.  

Our paper is subject to limitations. While we focused on the highest level of objectivity, subjective influences 

cannot be ruled out during the coding process. Furthermore, the study is relatively small. But to find out 

whether this research approach is likely to be successful, we accepted the small sample. The scientific 

contributions show ways for further research. Broader studies focusing on particular domains or subjects of 

the digital twin should be carried out. Furthermore, this research provides progress to the body of knowledge 

of digital twins concerning needs the research on digital twins must tackle. As managerial contributions, 

eight distinctive requirements for practical digital twins are provided. Practitioners can include them in the 

respective developments of their digital twins. Additionally, knowledge about the requirements might help 

during the design phase of a digital twin, which most companies are now. As requirements lay the foundation 

for multiple scientific artifacts, and besides the already mentioned broader study on the requirements itself, 

numerous opportunities for further research are possible. For example, design principles, reference models, 

or concrete implementations of digital twins are thinkable.  
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Abstract 

Rising and volatile energy prices are forcing production companies to optimize their consumption patterns 

and reduce carbon emissions to remain competitive. Demand-side management (DSM) or energy flexibility 

(EF) is a promising option for the active management of electricity demand. With DSM, energy procurement 

costs can be effectively reduced, for example, by reducing peak loads and taking advantage of volatile energy 

prices. In addition, renewable energies can be better integrated to reduce carbon emissions while stabilizing 

the power grid. Although the benefits of DSM for production companies are well known, implementation is 

not yet widespread. A key barrier is the high requirements of IT systems and the associated effort and 

complexity involved in setting them up. Companies often lack appropriate IT systems or have historically 

grown systems that do not allow continuous communication from the machine to the energy market. A 

variety of different platforms promise solutions to address these challenges. However, when selecting 

platforms, it is often unclear which aspects and functionalities of a platform are relevant for a company’s 

specific application. To address this gap, we developed a multi-layer taxonomy of digital platforms for 

energy-related applications in the industry that includes a general, as well as a more specific data-centric and 

transaction-centric perspective. We develop, revise, and evaluate our taxonomy using insights from literature 

and analysis of 46 commercially available platforms or platforms developed through research projects. Based 

on our taxonomy, we derive implications for research and practice. Our results contribute to the descriptive 

knowledge of digital platforms in energy-related applications. Our taxonomy enables researchers and 

practitioners to classify such platforms and make informed decisions about their deployment. 

Keywords 

Digital Platform; Taxonomy; Demand-Side-Management; Energy Flexibility; IT Systems 

1. Introduction

Adverse effects of human-induced climate change afford targeted and effective measures for achieving the 

climate goals set out in the international climate agreements [1]. The phase-out of coal and nuclear power 

generation was adopted as a key measure by the German government [2]. To meet electricity demand, the 

share of electricity generation from renewable energy sources is expected to increase to 80% of electricity 

consumption by 2050 [3]. This shift in the electricity generation portfolio will pose major challenges for 

power grids, and price volatility is expected to increase significantly [4]. The highly fluctuating, weather-

dependent electricity generation from renewable energy sources such as wind and solar power, which is only 

adaptable to a limited extent, requires new solutions for a secure electricity supply. Besides the expansion 
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of power grids, the increase of storage capacities, and the use of potentials of sector coupling, demand-side 

management (DSM) offers a competitive solution to address the expected challenges by increasing the 

energy flexibility of the demand side [5]. Considering that the industrial sector accounts for almost 44% of 

electricity consumption in Germany, it offers significant potential for balancing fluctuations in the power 

grid by adjusting electricity consumption to the electricity supply [6]. Typically, energy-intensive industrial 

companies can shut down, shift, or regulate their (production) processes and plants deviating from their 

regular use in order to adjust their electricity demand [7]. With DSM, companies can benefit from reduced 

energy procurement costs by responding to volatile electricity prices or lowering their grid charges by 

avoiding peak loads [6]. While companies benefit monetarily from DSM, they moreover support the 

integration of renewable energy by adjusting power consumption to minimize carbon emissions while 

stabilizing the power grid [8]. Although the benefits of DSM for production companies are well known, 

implementation is not yet widespread, and concerns exist [9]. A major obstacle to the implementation of 

DSM in production companies is the high requirements for IT systems and the associated expense and 

complexity of setting them up [10]. These high requirements result from information flows beyond company 

boundaries, the interaction of diverse optimization services, and automation through transparency and 

standardization of the entire process of energy flexibility marketing [6,11]. Companies often lack appropriate 

IT systems or have historically grown systems that do not allow them to meet the requirements [12,13]. In 

addition, continuous communication in an often-heterogeneous IT system landscape is not possible due to a 

lack of interfaces [6,13]. In the meantime, the market of available platforms has grown considerably, and 

there are a variety of different platforms that promise (partial) solutions to these challenges [14,10,13]. 

However, for companies that intend to implement DSM and need to select suitable platform solutions, it is 

often unclear which aspects and functions of a platform are relevant for them. The evaluation of available 

platforms is time-consuming, and tools and assistance such as a pre-classification of platforms and their 

characteristics do not exist. This study, therefore, aims to address this pertinent gap in research and practice. 

Therefore, we develop a multi-layer taxonomy of digital platforms for DSM applications in industry that 

includes a general, as well as a more specific data-centric and transaction-centric perspective. For this 

purpose, we develop, revise, and evaluate our taxonomy following the iterative multi-step method of Berger 

et al. [15]. We use insights from literature and analysis of 46 commercially available platforms or platforms 

developed through research projects. Based on our taxonomy, we derive implications for research and 

practice contributing to the descriptive knowledge of digital platforms in DSM applications. Our taxonomy 

enables users to classify such platforms and make informed decisions about their deployment. 

2. Background

2.1 Demand-Side Management 

The aim of demand-side management (DSM) is the management of demand for grid-based services among 

consumers in industry, commerce, or private households [16]. DSM generally adjusts the energy demand 

without having to increase or decrease the energy supply and can therefore be a sufficient solution for the 

energy transition to decentralized and highly volatile electricity generation [17]. Especially the energy-

intensive industries such as metal production, chemicals, or the paper industry offer high potential for 

industrial DSM since they are responsible for approximately two-thirds of the industrial electricity 

consumption in Germany [18]. Studies showed that the potential for DSM in energy-intensive processes, 

e.g., aluminum electrolysis, is remarkable [19]. In addition to reducing energy procurement costs, e.g., by

minimizing peak loads or shifting electricity consumption to times with lower electricity prices, the use of

flexibility can generate additional benefits and potential revenue streams, such as by offering ancillary

services [6]. When operationalizing industrial DSM, the impact of flexibility measures and flexible processes

on energy demand and the resulting influences on production systems and schedules must be considered in
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order to avoid a negative impact on logistical production goals [8]. Flexibility measures can be used at 

different production system levels and address different business areas and operating resources of a 

production company. The control of complex processes and flexibility measures therefore requires suitable 

IT systems that ensure transparency and enable the automation of DSM [6,11]. 

2.2 Energy Platforms 

In recent years, digital platforms have emerged in many business areas to bring customers and providers 

together and offer innovative services [14]. The term platform is used very frequently, but its meaning is not 

clear and uniform [20]. IT platforms are already being used today for the digitization and optimization of 

production. Digital services such as predictive maintenance or the optimization of production planning are 

used [21]. However, most existing and commercially available IT platforms are tailored to the products and 

services offered by the respective provider. They tend to use proprietary rather than open interfaces and 

protocols, forming a closed ecosystem [22]. As a result, neither interactions with external systems nor 

interoperability with other platform providers are possible. In addition to traditional digital platforms for 

optimizing production processes regarding logistical targets, many providers offer software products in the 

area of energy management. These products optimize the energy flow in production processes [23]. Energy 

management platforms are mostly used for capturing, processing, and monitoring energy flows within a 

company. Also, decision support systems for energy procurement and optimization are established in the 

market. The offered services range from electricity market forecasts to solutions for production scheduling 

optimization considering electricity market prices [24]. To sum up, there are established platforms and IT 

systems with a strong focus on production (systems) and infrastructure, offering a wide range of possible 

solutions for companies [13]. Even though there is research on architectural features of industrial Internet of 

Things platforms [25], on taxonomies of products and platforms for energy feedback technologies [26], or 

energy-efficient resource management technique taxonomies in platforms as service clouds [27], there is to 

the best of the authors’ knowledge no taxonomy or structuring element in literature that focuses on digital 

platforms and IT systems for DSM applications in production companies. This study, therefore, aims to 

contribute to this research vacuum and support companies in practice. 

3. Methodological Approach

To address the elaborated gap in research and practice, and to structure the complex and heterogeneous field 

of digital energy management platforms, the development of a taxonomy is the adequate method. 

Taxonomies, also referred to as frameworks or typologies, serve to classify objects according to their 

characteristics and help to better understand, analyze, and structure knowledge and objects [15]. A taxonomy 

contains various dimensions, which in turn consist of at least two (mutually exclusive) characteristics 

allowing objects to be classified according to their characteristics. Nickerson et al. [28] proposed a method 

for developing taxonomies in an iterative process that is now well established, frequently used, and further 

developed in business information systems research.  

For our work, we apply the iterative multi-step method of Berger et al. [15], who extended the method of 

Nickerson et al. [28] to include validation after taxonomy development. We, therefore, determine the meta-

characteristic as well as objective and subjective ending conditions, which serve as an orientation and basis 

for the taxonomy development, in a first step. In accordance with our research goal, we define the meta-

characteristic as “key distinguishing features of energy platforms in terms of their structure and main 

functions.” We adopt the conditions given by Nickerson et al. [28] and Berger et al. [15] as objective ending 

conditions that must be checked for fulfillment after each iteration of taxonomy development: (1) each 

characteristic is unique within its dimension, (2) each dimension is unique and not repeated within the 

taxonomy, and (3) each object has been studied, (4) at least one object must be identified per characteristic 

and dimension, (5) the characteristics of a dimension are mutually exclusive, (6) no new dimensions or 
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features have been added or changed in the last iteration. For the subjective final conditions, we also followed 

previous research and decided that the taxonomy must be assumed by all authors to be concise, robust, 

comprehensive, extendible, and explanatory [28]. In a second step, we develop our taxonomy in four iterative 

rounds of conceptual-to-empirical and empirical-to-conceptual approaches until all ending conditions are 

met. Nickerson et al. [28] allow for an iterative combination of conceptual-to-empirical and empirical-to-

conceptual approaches during taxonomy creation. Within the conceptual-empirical approach, we elaborate 

dimensions and their characteristics incorporating findings extracted from a literature review on existing 

platform research. We thereby test the dimensions and characteristics identified by assigning digital energy 

platforms to them. For the empirical-conceptual approach, we build on existing commercially available 

platforms and those available within research projects. First, we group the platforms. Second, we inductively 

derive the taxonomies dimensions and characteristics. To do so, we conducted online research and identified 

163 platforms as a first selection. These include IoT platforms and energy management platforms, as well 

as aggregators and platforms for trading energy and flexibility. Since it was not possible to include all 163 

platforms during the taxonomy creation process, but all platform types still had to be considered equally. A 

stratified sample selection was performed according to Quatember [29]. In doing so, 46 different platforms 

were identified, which are listed in Table 1. In our work, we alternate between a conceptual-empirical and 

an empirical-conceptual approach until in the fourth iteration all ending conditions were met. While 

conducting the iterations, we found that mutual exclusion of the characteristics is not possible for some 

dimensions without having to forego relevant information. Therefore, we tried to keep this condition as far 

as possible and to omit it only for dimensions that absolutely require it. Similar findings have already been 

made in other works on taxonomy development [30,31]. 

Table 1: Considered platforms during taxonomy development 

Platform type Platforms 

Trading platforms Cordinet Project, Cornwall Local Energy Market, Electron Platform, ETPA, 

Flexible Power, FutureFlow, GoFlex, Nextra, Nodes Market, Piclo Flexibility 

Marketplace, wepower 

IoT platforms AWS IoT Core, Bosch IoT Suite, CELOS, Cloud der Dinge, Connected Factories, 

Connected Factories 2, Enterprise IoT Platform, FIWARE, Google IoT Core, 

IBM Watson, ITAC.MES.Suite, LITMUS, OpenIoTFog, Productive 4.0, PTC 

Thingworx, Siemens Mindsphere, tapio, Virtual FortKnox 

Energy management 

platforms 

Bosch Energy Platform, DEXMA Platform, EMPURON EVE, EnCoMOS, ennex 

OS, ITC Power Commerce EnMS, KMUPlus - Energy Intelligence, opti.node, 

PHI-Factory, SIMATIC Energy Suite, Smart Energy Hub 

Aggregators Balance Power, BayWa r.e. CLENS, Centrica Business Solutions, e2m, Entelios, 

Next-Kraftwerke 

In a third step, after all, end conditions were met, we validated the developed taxonomy by conducting 

interviews with eleven collaborators from the Connected Factories, DEXMA, CELOS, Internet of Things, 

Litmus IoT, Nodes Market, PHI-Factory, Thingworx, SIMATIC Energy Suite, Smart Energy Hub, and tapio 

platforms and had them categorize their platforms into the taxonomy. No problems occurred during the 

validation, and all persons were able to fully classify their platforms into the taxonomies. Therefore, the 

taxonomy could finally be approved, and the creation process completed. We then discussed and derived 

implications for research and practice in the last step. 

4. Results

Using this three-step approach, we identified 15 dimensions with their specific characteristics for digital 

energy platforms and subdivided them into general, data-centric, and transaction-centric dimensions. 
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4.1 General Dimension of Energy Platforms 

The platforms examined are operated either by an independent company, by a consortium consisting of 

several companies and institutions, or by an aggregator (platform operator). An aggregator administrates a 

virtual power plant with energy flexibilities of several companies, thereby acts as a third party compared to 

the first two options. Access to the platforms is possible via a web app using any internet browser, a native 

app installed on hardware, or via specific programming interfaces, via which data can be imported, exported, 

and exchanged with other systems. Depending on the access design, stronger or weaker lock-in effects may 

occur. There are various options for the operational concept. In on-premise operation, the platform is 

operated by the customers on their own IT infrastructure. In this case, the control and management of all 

data lie entirely with the customers, and the platform can be operated and maintained independently of the 

providers once it is up and running [32]. Alternatively, the platform can be operated in the cloud, which 

includes private clouds and public clouds. The on-premises and cloud operating modes can also be combined 

into a mixed form, which is called hybrid. Customers can decide for themselves which data should be 

processed in the private sphere and which can be uploaded to the cloud [33]. If the platform offers free 

access, clients can register without restrictions. Often, however, certain criteria must be met. These are 

checked by the platform providers as part of a prequalification. Some platforms require the use of certain 

devices, e.g., specific hardware for data collection (access requirements). The platform structure also shows 

different characteristics. It is either fixed by the operator, modular without external interfaces, whereby 

customers can freely choose additional functions or extensions but are bound to the operator's offer, or 

modular with external interfaces, whereby the platform can be supplemented with external offers in addition 

to those of the operator.  

4.2 Data-Centric Dimensions of Energy Platforms 

Platforms can correspond to two basic models (platform type) [34,32]. Software-as-a-Service (SaaS) refers 

to applications that can be used directly by the customers. In contrast, Platform-as-a-Service (PaaS) offers 

an environment in which applications can either be provided or developed. By definition, both models are 

offered via the cloud, whereby the required infrastructure is also provided by the service providers. However, 

since in practice, the on-premises operation is often also possible, and the operators themselves refer to their 

platforms as SaaS or PaaS, we use these terms in our characteristics. Communication via the platform may 

proceed either as one-to-many or many-to-many, depending on how the individual participants communicate 

with each other. Participants are the users or devices (systems, machines) connected to the platform. If 

several participants communicate exclusively with the platform, this is called one-to-many. In many-to-many 

communication, the platform not only communicates with several partners, but these also communicate with 

each other [35]. The data flow is also characterized by two different features. Either the data only flows in 

one direction, for example, from the devices to the platform (unidirectional), or the data flow takes place in 

more than one direction (bidirectional), for example, from the devices to the platform and vice versa. This 

also includes data flow between individual devices. Data processing can be either transactional or analytical. 

If the data is processed transactionally, data from transactions or interactions is used to trigger certain 

processes. Analytical data processing is divided into two different characteristics, namely visual analysis and 

data-driven analysis [31]. The former contains descriptive analyses, which mainly aim at preparing the data. 

The feature data-driven analysis, on the other hand, contains more in-depth forms of data analysis, where 

the data is used for further calculations, such as in machine learning applications [36,37]. The processed data 

is gained from different sources (data sources). Many platforms offer the possibility to connect devices to it 

to process their data. However, data can also be obtained from the cloud, where data either comes from 

external sources (e.g., energy price forecasts) or from the company itself (e.g., from enterprise-resource-

planning systems). 
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4.3 Transaction-centric Dimensions of Energy Platforms 

The dimension main function addresses the fact that platforms can pursue a different central objective. In 

the case of transaction-centric energy platforms, we found that this is either electricity trading, where 

producers and consumers can sell or buy electricity (via over-the-counter (OTC) trading or exchange access), 

energy flexibility trading, which enables generators or consumers to market energy flexibility directly to grid 

operators or, virtual power plants, that bundle (decentralized) electricity consumers and electricity producers, 

market their generated electricity and offer system services. Stock exchanges (e.g., EPEX SPOT), markets 

for system services, or OTC trading can serve as a trading venue on these platforms. Different flexibility 

types are traded on these trading venues. Market flexibility can be used to respond to market signals such as 

volatile prices on short-term markets to reduce energy costs. System flexibility serves to maintain electricity 

grid stability and is therefore used by the transmission system operator, whereas grid flexibility is intended 

to avoid critical situations in the local electricity grid [38]. If the market design of a platform is closed, the 

platform users are bound to a specific buyer, an aggregator, a fixed trading venue, or to the platform itself, 

and parallel use of several solutions is not possible. In an open market design, there is no lock-in, and 

customers can use additional solutions. According to [39], energy platforms use three different mechanisms 

to set prices (pricing) (for marketing energy flexibility). In free pricing, prices are formed without 

restrictions. In the case of free pricing with regulatory elements, there are restrictions imposed by the 

platform operators, for example, by imposing surcharges on freely formed prices or by setting price caps. In 

regulated pricing, prices are formed according to set procedures, or there are fixed prices. However, some 

platforms do not allow for their own price formation but only pass on prices from certain trading venues. 

4.4 A Multi-Layer Taxonomy for Digital Energy Platforms 

 

Figure 1: Combined use of the developed taxonomies with general, data-centric, and transaction-centric dimensions 

Energy platforms are often characterized by either a strong data-centric or a transaction-centric focus. The 

main function of transaction-centric platforms is to serve as a marketplace. Data-centric platforms focus on 

processing data [40]. Since transaction-centric and data-centric platforms differ significantly in some 
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respects, we developed two different taxonomies for digital energy platforms. Thus, all platforms can be 

classified exactly and according to the requirements of a taxonomy. The taxonomy consists of the general 

combined with the data- or transaction-centered dimensions, regarding the analyzed platform. Among the 

energy platforms, there are some that, based on their main functions, can be classified as transaction- or data-

centered platforms, but at the same time also have individual functions of the other category such as the 

platform solution illustrated in [6]. To classify holistic platforms by using our taxonomies the transaction- 

and data centric taxonomies can be united to a combined taxonomy as shown in Figure 1figure 1. The 

individual characteristics are indicated for each dimension in the corresponding row. The item exclusivity 

also indicates whether the characteristics are mutually exclusive (E) or non-exclusive (NE).  

5. Implications and Conclusion 

This paper addressed the lack of methodology to characterize digital energy platforms. Following Berger et 

al. [15], we developed a taxonomy for digital energy platforms. Our result, the developed and validated 

taxonomy, has several implications for practice and research. First, the taxonomy serves as a structuring 

element and allows companies to determine the status quo of existing platforms and IT systems. Therefore, 

the taxonomy can be used for "auditing purposes" to examine which functions and features are already 

covered by existing IT systems. Second, in addition to the status quo, the taxonomy can also sharpen a target 

image for functionalities and characteristics of IT systems and platforms and elicit requirements. Third, using 

a fit-gap analysis [41] and our taxonomy, companies can easily compare existing digital energy platforms 

and select the platform that best meets their needs. The selected platform can then be implemented to 

accelerate the adoption of DSM. Fourth, the results and the comparison of the platforms used during 

development show that most of the platforms focus on the data-centric or transaction-centric dimensions and 

cover these functionalities. Consequently, it can be concluded that for the best possible digitalization and 

automation of flexibility marketing, a mix of different IT systems and platforms is evident in most cases. 

Considering existing IT systems and platforms, attention must therefore be paid to integration interfaces 

during implementation to ensure communication without media discontinuity. Only in this way can systems 

be operated in an interoperable manner. Fifth, researchers can classify their work using our taxonomy and 

clearly distinguish it from existing studies. Consequently, the taxonomy can serve to structure research and 

identify future research fields. Sixth, to sum up, our taxonomy provides researchers and practitioners with 

an easy-to-use methodology to classify digital energy platforms and make informed decisions about which 

platform best fits the needs of the business. This enables researchers to strengthen the focus of their research 

and helps companies leverage the potentials of DSM. 

Naturally, our work has some limitations as any research endeavors but likewise gives prospects for further 

research. First, the taxonomy was developed with platforms known today and consequently with their 

characteristics. Against the background of the rapid development of platforms of various types, the 

developed taxonomy may only be used for a limited time, and further development will be necessary for the 

future. In this way, not yet considered functions and features can be considered to provide a valid taxonomy. 

Second, the taxonomy was built upon the analysis of a subset of all available energy platforms. In total we 

identified 163 digital energy platforms. Using the method of Quatember [29] we built a subset of 46 

platforms to create our taxonomy. This reduction of the set might affect the completness of the taxonomy. 

Third, in addition to the pure classification of platforms, the taxonomy might be used in further research to 

derive platform archetypes allowing to group platforms with similar characteristics. Third, the taxonomy 

dimensions are at a relatively high level and do not, for example, take into account details regarding the 

exact interfaces of platforms. Consequently, our taxonomy is suitable for an initial platform selection. Future 

studies might build on our work and develop a more detailed taxonomy. A focus on technical details might 

thereby enhance readability and simplify its use. Despite these limitations, we hope to provide a viable 

solution to structure digital energy platforms for production companies and support researchers and practice. 

48



Acknowledgments 

The authors gratefully acknowledge the financial support of the Kopernikus-Projekt SynErgie by the Federal 

Ministry of Education and Research (BMBF) and the project supervision by the project management 

organization Projektträger Jülich (PtJ). 

References 

[1] Rusche, S., Rockstuhl, S., Wenninger, S., 2021. Quantifizierung unternehmerischer Nachhaltigkeit in der

Fertigungsindustrie: Entwicklung eines zielorientierten Nachhaltigkeitsindex. Z Energiewirtsch.

[2] Bundesministerium für Wirtschaft und Energie, 2019. Kommission "Wachstum, Strukturwandel und

Beschäftigung" Abschlussbericht, Berlin.

[3] Umweltbundesamt, 2019. Erneuerbare Energien in Zahlen. https://www.umweltbundesamt.de/themen/klima-

energie/erneuerbare-energien/erneuerbare-energien-in-zahlen#textpart-1. Accessed 5 September 2019.

[4] Bachmann, A., Bank, L., Bark, C., Bauer, D., Blöchl, B., Brugger, M., Buhl, H.U., Dietz, B., Donnelly, J.,

Friedl, T., Halbrügge, 2021. Energieflexibel in die Zukunft – Wie Fabriken zum Gelingen der Energiewende

beitragen können.

[5] Schilp, J., Bank, L., Köberlein, J., 2021. Executive Summary: Konzept der Energiesynchronisationsplattform –

Diskussionspapiere.

[6] Bauer, D., Hieronymus, A., Kaymakci, C., Köberlein, J., Schimmelpfennig, J., Wenninger, S., Zeiser, R., 2020.

Wie IT die Energieflexibilitätsvermarktung von Industrieunternehmen ermöglicht und die Energiewende

unterstützt. HMD.

[7] Lindner, M., Wenninger, S., Fridgen, G., Weigold, M., 2022. Aggregating Energy Flexibility for Demand-Side

Management in Manufacturing Companies – A Two-Step Method, in: Behrens, B.-A., Brosius, A., Drossel, W.-

G., Hintze, W., Ihlenfeldt, S., Nyhuis, P. (Eds.), Production at the Leading Edge of Technology. Springer

International Publishing, Cham, pp. 631–638.

[8] Bank, L., Wenninger, S., Köberlein, J., Lindner, M., Kaymakci, C., Weigold, M., Sauer, A., Schilp, J., 2021.

Integrating Energy Flexibility in Production Planning and Control - An Energy Flexibility Data Model-Based

Approach.

[9] Cardoso, C.A., Torriti, J., Lorincz, M., 2020. Making demand side response happen: A review of barriers in

commercial and public organisations. Energy Research & Social Science 64, 101443.

[10] Good, N., Ellis, K.A., Mancarella, P., 2017. Review and classification of barriers and enablers of demand

response in the smart grid. Renewable and Sustainable Energy Reviews 72, 57–72.

[11] Wenninger, S., Kaymakci, C., Wiethe, C., Römmelt, J., Baur, L., Häckel, B., Sauer, A., 2022. How Sustainable

is Machine Learning in Energy Applications? – The Sustainable Machine Learning Balance Sheet. 17th

International Conference on Wirtschaftsinformatik.

[12] Kaymakci, C., Wenninger, S., Sauer, A., 2021. A Holistic Framework for AI Systems in Industrial Applications,

in: Ahlemann, F., Schütte, R., Stieglitz, S. (Eds.), Innovation Through Information Systems, vol. 47. Springer

International Publishing, Cham, pp. 78–93.

[13] Roesch, M., Bauer, D., Haupt, L., Keller, R., Bauernhansl, T., Fridgen, G., Reinhart, G., Sauer, A., 2019.

Harnessing the Full Potential of Industrial Demand-Side Flexibility: An End-to-End Approach Connecting

Machines with Markets through Service-Oriented IT Platforms. Applied Sciences 9 (18), 3796.

[14] Donnelly, J., John, A., Mirlach, J., Osberghaus, K., Rother, S., Schmidt, C., Voucko-Glockner, H., Wenninger,

S., 2021. Enabling The Smart Factory – A Digital Platform Concept For Standardized Data Integration.

[15] Berger, S., Denner, M.-S., Roeglinger, M., 2018. The Nature of Digital Technologies - Development of a Multi-

Layer Taxonomy. 26th European Conference on Information Systems (ECIS).

[16] Murthy Balijepalli, V.S.K., Pradhan, V., Khaparde, S.A., Shereef, R.M., 2011 - 2011. Review of demand

response under smart grid paradigm, in: ISGT2011-India. 2011 IEEE PES Innovative Smart Grid Technologies

- India (ISGT India), Kollam, Kerala, India. 01.12.2011 - 03.12.2011. IEEE, pp. 236–243.

49



 

 

[17] Müller, T., Möst, D., 2018. Demand Response Potential: Available when Needed? Energy Policy 115, 181–198. 

[18] Ausfelder, F. (Ed.), 2018. Flexibilitätsoptionen in der Grundstoffindustrie: Methodik, Potenziale, Hemmnisse : 

Bericht des AP V.6 "Flexibilitätsoptionen und Perspektiven in der Grundstoffindustrie" im Kopernikus-Projekt 

"SynErgie - synchronisierte und erngieadaptive Produktionstechnik zur flexiblen Ausrichtung von 

Industrieprozessen auf eine fluktuierende Energieversorgung", 1. Auflage ed. DECHEMA Gesellschaft für 

Chemische Technik und Biotechnologie e.V, Frankfurt am Main, 296 pp. 

[19] Sauer, A., Abele, E., Buhl, H.U. (Eds.), 2019. Energieflexibilität in der deutschen Industrie: Ergebnisse aus dem 

Kopernikus-Projekt - Synchronisierte und energieadaptive Produktionstechnik zur flexiblen Ausrichtung von 

Industrieprozessen auf eine fluktuierende Energieversorgung (SynErgie). Fraunhofer Verlag, Stuttgart, 746 

Seiten. 

[20] Reuver, M. de, Sørensen, C., Basole, R.C., 2018. The Digital Platform: A Research Agenda. Journal of 

Information Technology 33 (2), 124–135. 

[21] Zhong, R.Y., Xu, X., Klotz, E., Newman, S.T., 2017. Intelligent Manufacturing in the Context of Industry 4.0: 

A Review. Engineering 3 (5), 616–630. 

[22] Wajid, U., Bhullar, G., 2019. Towards Interoperability Across Digital Manufacturing Platforms, in: Popplewell, 

K., Thoben, K.-D., Knothe, T., Poler, R. (Eds.), Enterprise Interoperability VIII, vol. 9. Springer International 

Publishing, Cham, pp. 81–91. 

[23] Lee, D., Cheng, C.-C., 2016. Energy savings by energy management systems: A review. Renewable and 

Sustainable Energy Reviews 56, 760–777. 

[24] Siano, P., 2014. Demand response and smart grids—A survey. Renewable and Sustainable Energy Reviews 30 

(3), 461–478. 

[25] Arnold, L., Jöhnk, J., Vogt, F., Urbach, N., 2021. A Taxonomy of Industrial IoT Platforms’ Architectural 

Features, in: Ahlemann, F., Schütte, R., Stieglitz, S. (Eds.), Innovation Through Information Systems, vol. 48. 

Springer International Publishing, Cham, pp. 404–421. 

[26] Karlin, B., Ford, R., Squiers, C., 2014. Energy feedback technology: a review and taxonomy of products and 

platforms. Energy Efficiency 7 (3), 377–399. 

[27] Piraghaj, S.F., Dastjerdi, A.V., Calheiros, R.N., Buyya, R., 2017. A Survey and Taxonomy of Energy Efficient 

Resource Management Techniques in Platform as a Service Cloud, in: Sugumaran, V., Chen, J.“., Zhang, Y., 

Gottschalk, R. (Eds.), Handbook of Research on End-to-End Cloud Computing Architecture Design. IGI Global, 

pp. 410–454. 

[28] Nickerson, R.C., Varshney, U., Muntermann, J., 2013. A method for taxonomy development and its application 

in information systems. European Journal of Information Systems 22 (3), 336–359. 

[29] Quatember, A., 2015. Datenqualität in Stichprobenerhebungen. Springer Berlin Heidelberg, Berlin, Heidelberg. 

[30] Jöhnk, J., Roeglinger, M., Thimmel, M., Urbach, N. How to Implement Agile IT Setups: A Taxonomy of 

Design Options, in: , Proceedings of the 25th European Conference on Information Systems (ECIS). 

[31] Roeglinger, M., Püschel, L., Schlott, H. What’s in a Smart Thing? Development of a Multi-layer Taxonomy, 

in: , Proceedings of the 37th International Conference on Information. 

[32] Reinheimer, S. (Ed.), 2018. Cloud Computing: Die Infrastruktur der Digitalisierung. Springer Vieweg, 

Wiesbaden, 216 pp. 

[33] Vikas, S., Gurudatt, K., Vishnu, M., Prashant, K., 2013. Private Vs Public Cloud. International Journal of 

Computer Science & Communication Networks (2), 79–83. 

[34] Jaekel, M., 2020. Disruption durch digitale Plattform-Ökosysteme: Eine kompakte Einführung. Springer 

Vieweg, Wiesbaden, Heidelberg, 112 pp. 

[35] Porter, M.E., Heppelmann, J.E., 2015. How Smart, Connected Products Are Transforming Companies. Harvard 

Business Review, 96–114. 

[36] Kaymakci, C., Wenninger, S., Pelger, P., Sauer, A., 2022. A Systematic Selection Process of Machine Learning 

Cloud Services for Manufacturing SMEs. Computers 11 (1), 14. 

50



[37] Kaymakci, C., Wenninger, S., Sauer, A., 2021. Energy Anomaly Detection in Industrial Applications with Long

Short-term Memory-based Autoencoders. Procedia CIRP 104, 182–187.

[38] Conexio GmbH, 2019. Zukünftige Stromnetze: 30.-31. Januar 2019, Novotel Berlin, Am Tiergarten, Berlin :

Tagungsunterlagen. Conexio GmbH, Pforzheim, Deutschland, 510 pp.

[39] Radecke, J., Hefele, J., Hirth, L., 2019. Markets for Local Flexibility in Distribution Networks: Working Paper.

ZBW – Leibniz Information Centre for Economics, Kiel, Hamburg.

[40] Engelhardt, S., Wangler, L., Wischmann, S. Eigenschaften und Erfolgsfaktoren digitaler Plattformen. iit-Institut

für Innovation und Technik in der, Berlin. https://www.digitale-

technologien.de/DT/Redaktion/DE/Downloads/Publikation/autonomik-studie-digitale-

plattformen.pdf?__blob=publicationFile&v=6. Accessed 18 January 2022.

[41] Pajk, D., Kovačič, A., 2013. Fit Gap Analysis – The Role of Business Process Reference Models. Economic and

Business Review 15 (4).

Biography 

Sebastian Duda is working at the FIM Research Center of the University of Bayreuth and at the Project 

Group Business & Information Systems Engineering of the Fraunhofer FIT and focuses on research in the 

field of convergence of digital technologies. 

Lukas Bank is working at Fraunhofer Institute for Casting, Composite and Processing Technology IGCV 

and focuses on Digital Twins in energy flexible factories. Applications from the field of optimization and 

simulation are also related to this. 

Can Kaymakci has been working as a research associate in the Industrial Energy Systems Department at 

Fraunhofer IPA since January 2020. In the group Energy Flexible Production and Energy Data Analysis, he 

is involved in research and industrial projects using AI and Machine Learning for energy data. 

Jana Köberlein is working at Fraunhofer Institute for Casting, Composite and Processing Technology 

IGCV. In the group sustainable production systems, her research focuses on the analysis and planning of 

flexible energy use in production as well as industrial energy supply concepts.  

Simon Wenninger is working at the FIM Research Center of the University of Applied Sciences Augsburg 

and at the Project Group Business & Information Systems Engineering of the Fraunhofer FIT. He focuses 

on research in the fields of data analytics in an industrial and energy context. 

Tobias Haubner is studying industrial engineering with a technical specialization in mechanical engineering 

at the Technical University of Darmstadt. Before, he was studying in the Management & Technology 

program at the Technical University of Munich. 

Prof. Dr.-Ing. Alexander Sauer is the Executive Director of the Institute for Energy Efficiency in 

Production (EEP) at the University of Stuttgart, as well as Director of the Fraunhofer Institute for 

Manufacturing Engineering and Automation IPA.  

Prof. Dr.-Ing. Johannes Schilp is Head of the Department of Processing Technology at Fraunhofer Institute 

for Casting, Composite and Processing Technology IGCV and holds the Chair of Production Informatics at 

the University of Augsburg. 

51



CONFERENCE ON PRODUCTION SYSTEMS AND LOGISTICS 

CPSL 2022 

__________________________________________________________________________________ 

DOI: https://doi.org/10.15488/12194

3rd Conference on Production Systems and Logistics 

A Framework For Structuring Resilience And Its Application To 

Procurement 

Maria Linnartz1, Günther Schuh1, Volker Stich1 
1Institute for Industrial Management (FIR) at RWTH Aachen, Aachen, Germany 

Abstract 

Companies operate in an increasingly volatile environment where different developments like shorter 

product lifecycles, the demand for customized products and globalization increase the complexity and 

interconnectivity in supply chains. Current events like Brexit, the COVID-19 pandemic or the blockade of 

the Suez canal have caused major disruptions in supply chains. This demonstrates that many companies are 

insufficiently prepared for disruptions. As disruptions in supply chains are expected to occur even more 

frequently in the future, the need for sufficient preparation increases. Increasing resilience provides one way 

of dealing with disruptions. Resilience can be understood as the ability of a system to cope with disruptions 

and to ensure the competitiveness of a company. In particular, it enables the preparation for unexpected 

disruptions. The level of resilience is thereby significantly influenced by actions initiated prior to a 

disruption. Although companies recognize the need to increase their resilience, it is not systematically 

implemented. One major challenge is the multidimensionality and complexity of the resilience construct. To 

systematically design resilience an understanding of the components of resilience is required. However, a 

common understanding of constituent parts of resilience is currently lacking. This paper, therefore, proposes 

a general framework for structuring resilience by decomposing the multidimensional concept into its 

individual components. The framework contributes to an understanding of the interrelationships between the 

individual components and identifies resilience principles as target directions for the design of resilience. It 

thus sets the basis for a qualitative assessment of resilience and enables the analysis of resilience-building 

measures in terms of their impact on resilience. Moreover, an approach for applying the framework to 

different contexts is presented and then used to detail the framework for the context of procurement. 

Keywords 

Resilience; Framework; Disruptions; Resilience Principles; Procurement 

1. Introduction

Companies and their supply chains have frequently experienced different kinds of disruptions. Especially 

the COVID-19 pandemic as a recent example of a global crisis has caused major challenges in supply chains. 

According to a study by GYA ET AL. 80 % of the companies surveyed were affected and the pandemic 

resulted for example in shortages of critical materials, delayed deliveries and longer lead times, and 

difficulties in planning and adjusting production capacity to meet fluctuating demand occurred [1]. 

Disruptions are especially critical when they affect the procurement side [2]. A study by BVL demonstrated 

that disruptions impacts on the supply side have been considered worse [3]. Despite the frequency of 

disruptions, several developments lead to increasing complexity in supply chains making it more difficult to 

create transparency [4]. In this volatile environment, companies are not sufficiently prepared for disruptions. 

One way of dealing with disruptions is increasing resilience. Resilience enables a system to cope with even 
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unexpected disruptions and to ensure competitiveness. [5,6] Building resilience is largely dependent on 

measures taken before a disruption occurs [7]. However, currently many companies do not systematically 

increase their resilience even though the importance of resilience is widely acknowledged [8]. As resilience 

is a multidimensional and complex construct, implementing resilience requires an understanding of its 

constituent parts. However, a common understanding is currently lacking. [9,10] It is thus necessary to 

decompose the multidimensional concept into its individual parts and understand the relationships between 

them. This paper aims at structuring resilience by developing a framework that strengthens the understanding 

of resilience. It, therefore, supports the analysis and design of resilience. Additionally, the proposed 

framework is applied to the context of procurement. The framework serves as a basis for a qualitative 

resilience assessment which is a prerequisite for systematically designing resilience. The remainder of this 

paper is organized as follows: Section 2 reviews the literature regarding resilience and existing frameworks 

for analyzing it. Section 3 presents the developed framework and section 4 summarizes the application of 

the framework to the context of procurement. Section 5 gives an outlook on the use of the framework. 

2. State of the art 

In this section, the term resilience in the context of supply chains and procurement is defined first, before 

existing frameworks for analyzing resilience are summarized and the research need is presented. 

2.1 Definition of resilience 

As stated before, resilience is a multidimensional concept that is used in various contexts like ecology, 

psychology, supply chain and economy. Currently, there is no common definition of resilience in the fields 

of supply chains and organisational resilience. [6] ANNARELLI AND NONINO distinguish between static and 

dynamic organisational resilience. While static resilience focuses on preventive actions to decrease the 

impact of disruptions, dynamic resilience aims at reactions and fast recovery [11]. According to ALI ET AL. 

supply chain resilience definitions differ in terms of the phases considered, the strategies covered and the 

abilities addressed. Phases of resilience include the periods before, during and after a disruption. Strategies 

that are covered in the definitions are proactive, reactive and concurrent. To distinguish between the abilities 

that are considered within the definitions ALI ET AL. identify the abilities to anticipate, to adapt, to respond, 

to recover and to learn. Based on these constructs, supply chain resilience definitions can be divided into 

narrower definitions that include only individual aspects of the phases, strategies and abilities and wider 

definitions that imply all phases and strategies. [9] This work chooses a comprehensive view and understands 

resilience as the ability of a company to prepare for potential disruptions, react and adapt to disruptions as 

well as the ability to return to the original state or achieve a better state after the disruption. The aim is to 

minimize the impact of disruptions through preventive measures and return to the original state as quickly 

and cost-effectively as possible. A disruption in this context is a temporary impact on the performance 

caused by the occurrence of a disruption event [12]. 

2.2 Resilience frameworks 

The frameworks reviewed in this section can be divided into different categories: frameworks related to the 

resilience triangle, the disruption profile or both and frameworks related to resilience capabilities. The 

resilience triangle by BRUNEAU ET AL. is a quantitative measurement tool for the seismic resilience of 

communities. For measuring resilience the authors examine the performance development over time after a 

disruption and identify the time needed for recovery, the severity of the disruption measured as the drop in 

performance and the area between the original and the actual performance as resilience dimensions. [13] 

MELNYK ET AL. analyze the transient response of a system and build on a profile similar to the resilience 

triangle. The authors identify the time between the occurrence of the disruptive event and the disruptive 

effect, the time at which recovery sets in, the comparison between the original performance level and the 
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performance level after recovery, and the area between the original and the actual performance level as 

relevant resilience dimensions. [14] SHEFFI AND RICE propose a disruption profile that describes the 

development of the performance over time and identify eight phases that characterize this profile [15]. 

MUNOZ AND DUNBAR apply the resilience triangle and refer to the disruption profile to observe the response 

behavior of actors in a supply chain. In addition to the original dimensions of the resilience triangle, they 

identify the profile length and the weighted sum as two dimensions that explicitly take into account the curve 

progression. [16] BEVILACQUA ET AL. combine the resilience triangle and the disruption profile to categorize 

the eight phases of the disruption profile for the supply chain context [17]. Frameworks that refer to 

capabilities qualitatively analyze resilience. PETTIT ET AL. distinguish between vulnerabilities and 

capabilities when analyzing resilience. While vulnerabilities decrease resilience, capabilities enhance 

resilience. [18] ALI ET AL. develop a framework that contains five capabilities and 13 corresponding 

elements. Additionally, the elements are detailed in practices that support building resilience. [9] DUCHEK 

focuses on organizational resilience and proposes a framework containing anticipation, coping and adaption 

capabilities. [10] The framework developed by GIANCOTTI AND MAURO includes five resilience phases and 

corresponding capabilities [19]. 

2.3 Research needs and requirements for the resilience structuring framework 

The various definitions and different frameworks underline that there is no common understanding of 

resilience. Starting from the definitions, different authors set various focal points and thus include different 

aspects in their definitions. Additionally, existing frameworks take different perspectives. In the cases where 

authors identify specific components of resilience in their frameworks, these components differ across the 

analyzed frameworks. The frameworks considered are not sufficiently detailed to analyze the contribution 

of concrete resilience increasing measures. Moreover, the frameworks are not applied to the context of 

procurement. Overall, the analysis of existing approaches illustrates the lack of understanding of the building 

blocks of resilience. Thus, the remainder of this paper focuses on developing a framework that captures the 

different aspects of resilience. The framework needs to identify specific components which constitute 

resilience and especially take into account the different phases of resilience. Additionally, the components 

need to be structured to incorporate their interrelationships. For each component, the target direction for 

increasing resilience must be identified. This is especially important as the framework sets the basis for 

analyzing resilience increasing measures regarding their contribution to resilience. The developed 

framework should be generic and applicable to different contexts for example to procurement.  

3. Development of a framework for structuring resilience 

The proposed framework builds on the existing frameworks and contains different components that 

characterize resilience. First, a structure for the framework is proposed based on existing definitions of 

resilience that contains three main component groups. Then, the individual components for each group are 

identified by analyzing the existing approaches. Lastly, resilience principles which are understood as target 

directions for the systematic design of resilience are derived based on the identified components.  

3.1 Structure of the framework 

The analysis of existing definitions and frameworks demonstrates the dynamic aspect of resilience. When 

analyzing resilience different phases are of importance. In general, resilience influences the time before, 

during and after a disruption. [9] The first category of components, therefore, are time-related components. 

Additionally, resilience is defined through an intensity aspect [20]. Resilience focuses on the impact of 

disruptions on performance. Thus, the second category comprises performance-related components. These 

dimensions are also the basis of the above-described framework groups “resilience triangle” and “disruption 

profile”. As the disruption profile characterizes the time-related aspects and considers the performance, it 
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will serve as a basis for identifying and framing the resilience components. Following the resilience triangle, 

the area between the original performance and the actual performance after a disruption can be used to 

characterize the resilience of the system considered. The smaller the area, the more resilient the system is. 

This area is not only influenced by the time and performance amounts but also by the progression of 

performance over time which is represented by the curve trajectory. The third category thus describes curve-

related components. The structure of the framework is presented in Figure 1.  

 

Figure 1: Framework structure 

Time-related aspects specify the x-axis, whereby performance-related aspects define the y-axis and curve-

related aspects characterize the curve progression. The analysis of the area in terms of opportunities for its 

reduction serves as a basis for identifying resilience principles. They indicate how the resilience 

components need to be modified to achieve higher resilience. Thereby, two overarching goals of resilience 

can be distinguished. On one hand, passive resilience aims at increasing the robustness of a system. A high 

robustness results in the least possible impact in the case of a disruption. On the other hand, active resilience 

aims at fast adaption and recovery when a disruption impact occurs. [21,22] The specific components and 

the corresponding resilience principles are described in the following. 

3.2 Time-related components and resilience principles 

For describing resilience the time before, during and after a disruption are important. Within this framework, 

time-related components refer to periods in the disruption profile which are defined by a start and endpoint. 

Before characterizing the time-related components it is, therefore, necessary to identify the relevant points 

in time. HEIL has characterized disruptions in terms of their time aspect and has identified several points in 

time that can be distinguished when analyzing a disruption [23]. A major point in time is the occurrence of 

the disruption event (t0). For the considered system the start of the disruption impact (t1), which can be 

observed through a decrease in performance, as well as the end of the disruption (t4) are further relevant 

points. [23] Depending on the system state the occurrence of the disruption event and the start of the 

disruption can be separated points in time. The end of the disruption is characterized by reaching the original 

performance level in case of a full recovery or through reaching a new state of equilibrium in case of a partial 

recovery. For analyzing resilience components the point in time where it is known that the disruption event 

has occurred (knowledge of the disruption event (t2)) is important as well. The last important point in time 

is the lowest point of the performance curve (t3) as it marks the beginning of the recovery. 

The first resilience component is defined as buffer time. A main aspect of resilience is concerned with 

minimizing the impact a disruption has on a system and ideally staying on the original performance level 

[21,16]. This component relates to the latent disruption phase as it is described by HEIL. It starts when the 

disruption event occurs and ends with the beginning of the disruption impact. [23] The existing system 

structure prevents a negative influence of the disruption. These structures are already present before the 

disruption occurs. Thus, the buffer time directly relates to robustness. The buffer time reflects the absorptive 

capacity of a system which ensures that the performance does not decrease even after a disruption event has 
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happened. To increase the resilience this time should be as long as possible. The corresponding resilience 

principle is thus the buffer time extension. 

Resilience is significantly characterized through the reaction in case of a disruption. In this context, the 

period that passes before recovery starts is an important feature of resilience. [6,14] The second component 

is thus called response time. In this framework, the response time includes the time that is needed to choose 

and implement specific actions. As a distinction to the buffer time, this component is linked to a concrete 

interference in the system. The response time begins with the knowledge of the disruption event. It ends 

when the measures take effect and the performance increases (the lowest point of the performance curve). 

The point in time when knowledge of the occurrence of the disruption event exists can be detailed when it 

is set in relation to other points in time. When looking at one system, the earliest point where the disruption 

can be known is the occurrence of the disruption event. However, it depends on the system characteristics if 

the disruption event is discovered right away. It is known at the latest when the disruption impact takes place. 

Depending on when the disruption event is discovered, the response time and the buffer time can overlap. 

The length of the response time is influenced by different latencies that can occur between an event and the 

effectiveness of countermeasure. These latencies contain the time that is needed to discover the event, 

analyze it, decide on the measures taken and the time for the measures to be effective [24]. Moreover, the 

response time depends on the available resources within the system. [6] 

The response time corresponds to two resilience principles. First, the response time helps to increase the 

resilience when it is as short as possible. The shorter the response, the faster the lowest performance level is 

reached and recovery starts. Thus, the first resilience principle is response time reduction. Additionally, 

the start of the response time influences resilience. As the response time includes the time needed to choose 

measures and the time needed for these measures to become effective, an early start of the response results 

in earlier effective measures. The second resilience principle corresponding to the response time is therefore 

response start shortening. 

The last time-related component refers to the recovery which occurs after measures take effect. This is also 

one of the two central aspects of the resilience triangle [13]. Recovery time is therefore proposed as the 

third component. The recovery time starts when the performance curve starts increasing. The end of the 

recovery time depends on whether a full or a partial recovery occurs. As described above, in the case of a 

full recovery the end is characterized by the fact that the original performance level is reached. For partial 

recovery, the end is determined by reaching a new equilibrium state of performance. The recovery time is 

characterized by an increase in performance caused by effective measures that have been taken. Like the 

response time, the recovery time leads to an increase in resilience when it is as low as possible. The 

corresponding resilience principle is thus called recovery time reduction. 

3.3 Performance-related components and resilience principles 

As described above, performance-related components refer to changes in performance that occur due to a 

disruption. They demonstrate the intensity of the disruption impact. Within the proposed framework, 

performance-related components are characterized through the difference between the original and the actual 

performance level during the disruption at a certain point in time. To identify relevant components, the 

extreme values in the curve are analyzed. 

One important aspect is the maximum impact a disruption has on a system. This characterizes the severity 

of a disruption [13,16]. Following the resilience triangle and the disruption profile, the maximum 

performance reduction is defined as the first component. A high resilience is reached if the maximum 

performance reduction is as low as possible. This target dimension can be directly derived from the resilience 

triangle. Thus, this component relates to the resilience principle damping of the maximum performance 

reduction. 
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Additionally, the long-term performance level after the recovery has taken place is important [14]. As 

described above, either a full recovery or a partial recovery is possible. In the case of a partial recovery, the 

performance level after the recovery time has reached a new equilibrium state that is below the original level. 

Thus, the second component is defined as the long-term performance reduction. This aspect is also 

considered within the disruption profile [15]. This component characterizes the recovery capacity of a 

system. Similar to the above-described resilience principle, the target direction for the long-term 

performance reduction is its decrease. The optimum is reached if no long-term performance reduction exists. 

The corresponding resilience principle is therefore called the damping of the long-term performance 

reduction. 

3.4 Curve-related components and resilience principles 

The curve progression influences the area between the original and the actual performance level both during 

the reaction and the recovery time. To take into account different kinds of curve progressions, MUNOZ AND 

DUNBAR define the weighted sum and the length of the profile as two factors for measuring resilience. [16] 

Both factors are significantly influenced by the gradient of the curve. This corresponds with the approach of 

CIMELLARO ET AL. who describe different recovery functions like linear, exponential and trigonometric to 

distinguish between different kinds of recoveries [25]. For the curve-related components of the proposed 

framework, the focus thus lies on the gradient of the curve. 

The first curve-related component is defined as the performance loss rate. It refers to the gradient of the 

curve during the response time when the performance decreases. A high performance loss rate results in a 

high performance decrease in a short amount of time. This component is both influenced by the 

characteristics of the disruption as well as by the response behavior of the system. A low performance loss 

rate results in a slow and possible controlled reduction of performance. High resilience is thus reached if the 

performance loss rate is as low as possible. This results in the resilience principle performance loss rate 

reduction. 

Despite the time required for recovery and the performance level reached after the recovery, the recovery of 

a system is characterized through the rate at which recovery takes place. The second component is thus 

defined as the recovery rate. The recovery rate is influenced by the effectiveness of the measures taken. In 

contrast to the performance loss rate, the recovery rate should be high to ensure a high resilience. This 

component thus corresponds to the resilience principle recovery rate increase. 

Figure 2 shows the developed framework with the identified resilience components.  

 

Figure 2: Resilience framework with components 
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Resilience can be characterized through seven components in the dimensions of time, impact and curve 

progression and the eight corresponding resilience principles. By using the disruption profile as the 

underlying structure, the framework takes into account the relationship between the identified factors. 

Additionally, the consideration of the area in combination with the described resilience principles details the 

multidimensional construct of resilience and points out various targets for systematically configuring 

resilience. 

4. Application of the framework to procurement 

The developed framework is generic and thus applicable for different contexts. In the following, an approach 

for applying the framework to different contexts is presented and illustrated for the area of procurement 

The disruption profile is significantly influenced through the disruption, its impact and the different points 

in time. These aspects depend on the system under consideration. Therefore, the proposed framework applies 

to a specific object where a disruption impact can occur. For each object, a separate disruption profile has to 

be considered. However, often there are interactions between different objects. This is enhanced as 

disruptions are often complex and characterized by cause-effect chains that result in multiple level 

disruptions. Thus, a disruption impact happening at one object can cause a disruption impact at a linked 

object. In the framework, this is represented by looking at several disruption profiles that are linked by 

transition times. The link can concern both a physical material flow and an information flow. A link that 

concerns the material flow can lead to cascading disruption impacts if the system does not recover in time. 

A link that affects the information flow between two objects can influence the start of the response time. As 

described above, when looking at one object the response time starts between the occurrence of the disruption 

event and the start of the disruption impact. When taking into account several objects, the response time can 

already start when knowledge about a disruption occurs in a linked object if it is known that the disruption 

in the earlier stage will also affect the considered object at a later stage. For this to be effective, the 

information needs to be passed on between the objects. 

To apply the framework to a specific context, a three-step approach is proposed: First, the relevant 

performance values must be characterized. The performance values specify the parameters whose changes 

in the disruption course are considered. Then, the objects under consideration need to be identified by 

analyzing the existing resources and possible disruption impacts. Lastly, when looking at several objects the 

transition times need to be specified.  

For the context of procurement, the relevant performance values are identified in the following. The overall 

goal of resilience is to minimize the negative aspect a disruption has on the performance. Thus, the focus 

lies on the disruption impacts rather than on the disruption event or the disruption source. This is especially 

suitable as a large number of disruption sources leads to a limited number of impacts [26]. For the application 

of the framework to the context of procurement potential disruption impacts as well as overall goals of 

procurement are analyzed. Potential disruption impacts in procurement that are mentioned in the literature 

are a lack of material [26], business interruptions [27], deviations from the expected quality, planned 

quantity, planned delivery date or planned price [28], supply at the wrong time or supply of the wrong 

products [29] and differences between the desired and the actually supplied quantity [30]. Looking at these 

impacts it becomes apparent that when considering the physical material flow the impacts relate to missing 

material. Thus, material availability is chosen as the performance value. Material availability is the supply 

of the right material, at the right time, in the right quality, in the right quantity, at the right place [31]. This 

performance value corresponds with the overall goal of procurement. Namely, to ensure the long-term supply 

security of the enterprise for the production of goods [32]. 

The objects for which a disruption profile needs to be considered and their interdependencies are derived 

from the structure and resources in procurement. The procurement function links manufacturers and 
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suppliers. Typical actors within a procurement chain include suppliers, manufacturers, logistical service 

providers and distributors [33]. The application of the framework in the context of procurement focuses on 

manufacturers. As the goods receipt is the direct interface to the suppliers or the logistical service providers, 

it serves as the central object that is considered. Material availability is influenced if the material is not 

supplied at the planned delivery date. The production is the internal demand source of the goods receipt. It 

is thus defined as the second object. A deviation in material availability occurs when input material for the 

production is not available at the planned date. To display the information linkage between the goods receipt 

and the external supply market, a third object is considered. This object comprises suppliers and logistical 

service providers as they both execute deliveries to the manufacturer. This object is called external input 

actor. Material availability at this object influences the ability to deliver. Goods receipt and external input 

actors are linked by procurement logistics while intralogistics links goods receipt and production. The 

transition times are the time needed for the transport respectively the time needed for the provision of 

material. The resulting resilience model is summarized in Figure 3. 

Figure 3: Resulting resilience model for the context of procurement 

Each of these objects can experience deviations in material availability as a disruption impact. Additionally, 

an object can act as a disruption source for a subsequent object. For example, if a supplier is unable to deliver 

due to a production machine failure, the performance in the disruption profile of the external input actor 

decreases. Depending on the time needed for recovery, this can cause a performance decrease in the 

disruption profile of the goods receipt, if the material is not supplied at the planned delivery. Contingent on 

what resilience measures are in place at the goods receipt, a disruption impact can occur at the production. 

5. Summary and outlook

Resilience is a multidimensional construct where understanding of its constituent parts is currently lacking. 

Such an understanding is the necessary foundation for analyzing and designing resilience. Therefore, a 

framework for structuring resilience has been developed. The framework builds on the disruption profile and 

the resilience triangle and contains seven resilience components. Additionally, it proposes eight resilience 

principles as target dimensions for building resilience. The generic framework can be applied to different 

contexts by defining the relevant performance values and the objects that need to be considered. This has 

been demonstrated for procurement. The framework thus sets the basis for systematically analyzing 

resilience improving measures regarding their specific contribution to resilience. Based on these results 

resilience can be configurated systematically. The paper contributes to an understanding of resilience, 

especially in the context of procurement. Further research is needed to identify concrete measures that 

increase resilience in procurement and analyze their contribution to the identified resilience principles. 
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Abstract 

Prediction of human activity and detection of subsequent actions is crucial for improving the interaction 

between humans and robots during collaborative operations. Deep-learning techniques are being applied to 

recognize human activities, including industrial applications. However, the lack of sufficient dataset in the 

industrial domain and complexities of some industrial activities such as screw driving, assembling small 

parts, and others affect the model development and testing of human activities. The InHard dataset (Industrial 

Human Activity Recognition Dataset) was recently published to facilitate industrial human activity 

recognition for better human-robot collaboration, which still lacks extended evaluation. We propose an 

activity recognition method using a combined convolutional neural network (CNN) and long short-term 

memory (LSTM) techniques to evaluate the InHard dataset and compare it with a new dataset captured in a 

lab environment. This method improves the success rate of activity recognition by processing temporal and 

spatial information. Accordingly, the accuracy of the dataset is tested using labeled lists of activities from 

IMU and video data. A model is trained and tested for nine low-level activity classes with approximately 

400 samples per class. The test result shows 88% accuracy for IMU-based skeleton data, 77% for RGB 

spatial video, and 63% for RGB video-based skeleton. The result has been verified using a previously 

published region-based activity recognition. The proposed approach can be extended to push the cognition 

capability of robots in human-centric workplaces.  

Keywords 

Human-robot collaboration; human activity recognition; deep-learning; InHard dataset 

1. Introduction

Today human-robot collaboration (HRC) is becoming an essential part of the industry for achieving better 

quality products in less time. In this regard, robots' cognition capabilities are expected to be enriched with 

the prediction and detection of human activities [1]. Such an approach that helps recognize human actions 

and activities may enable robots to complement human motions and activities in shared smart workplaces 

[2,3]. Lists of human activities in HRC may require semantical descriptions and definitions, which can be 

described either at a higher level with generalized actions or at a lower level with detailed descriptions. 

Generalized actions refer to, e.g., reach, pick, put, turn, and assemble. In contrast, low-level actions describe 

details such as reaching with the left hand to object A, taking a type B screwdriver, and tightening the screw. 

Prediction and detection of human action and sequence of activities, either higher or lower, is still basic 

research requiring further investigation. 
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The classical approach in HRC task planning most often consists of pre-programmed logic that remains fixed 

for the given cycle operations. In a typical assembly, the robot executes the desired task in collaboration with 

the human operator in a programmed sequence. It hardly responds to changes in human performance which 

is one of the main barriers to HRC. Most recently, industries have been focusing on improving human and 

robot interaction in a shared workplace to complete a task efficiently and safely with flexibility in production 

processes. However, such a level of HRC is challenging as it involves many unpredictable events and actions, 

which are difficult for robots to understand and act accordingly. In this aspect, the robot must possess a 

cognitive capability and ability to understand various actions performed by the human operator to predict 

the subsequent possible action in order to carry out the task. 

This work aims to present the activity recognition method using combined convolutional neural network 

(CNN) and long short-term memory (LSTM) techniques to evaluate the InHard dataset compared to a newly 

captured dataset in a lab environment.  

2. Related Works 

The current research that focuses on human activity recognition for HRC can be discussed from the aspects 

of types of human activities in industrial environments, methods employed for recognizing human actions, 

and generated datasets for human activity recognition (HAR).  

2.1 Human activity types for HRC.  

In today's industry 4.0 era, many researchers have brought humans and robots closer to the industrial 

environment. In [4], a detailed overview of HRC in industry 4.0 regarding various levels of humans and 

robots working together is given by solving safety issues using a particular collaborative robot (cobots). 

Furthermore, how the HRC can improve the efficiency of the industrial process by eliminating the 

uncomfortable, repetitive work of human operators is discussed. Similarly, [5] has conducted a survey to test 

the HRC process by measuring trust between humans and robots in an open workspace executing pick and 

place tasks. Work has to detail discussion about various safety factors and trust factors of HRC that can 

affect the productivity and efficiency of the process. Further, [6] has presented an HRC from a technical 

point of view. Various methods for human intention estimation through machine learning algorithms, robot 

action planning, and human-robot joint action planning are discussed and compared. A more detailed 

scenario of the industry is presented by [7], and it gives detailed information about the various industrial 

activities such as assembly activities, tool handling activities, and non-deterministic activities which are non-

reparative, such as repairing activity or inspection, and also demonstrate that fusion of inertial measuring 

unit (IMU) sensors and video-based tracking system can be used to capture these activities with high 

precision. Similarly, [8] has also presented a work which includes modeling of industrial activities using a 

fusion of various motion capture sensors. It provides the detailed information of small industrial activities 

such as handling of nuts and bolts for assembly of the product and also to model various hand gestures 

movements to control the robot action. A visual sensor-based approach e.g., red-green-blue-depth (RGB+D) 

cameras have been also employed to capture various human activities in the industrial environments. Some 

of these activities include entering, leaving a work cell (movement), pointing to an object, waving (gesture), 

picking, and moving parts (object handling), applying pressure, reach to an object [8–10].  

2.2 Methods for human activity recognition  

Methods that have been employed for HAR can be considered into two big categories. The first is a statistical 

model, and the second is a deep learning-based model for activity prediction and detection. 
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Statistical models are known for their data-intensive requirement in order to generate high-quality motions 

[8]. Common approaches utilizing statistical models include Gaussian Mixture Models (GMM) or space 

partitioning (e.g., using k-means or principal component analysis (PCA) based linear mapping). GMM is a 

probabilistic model that maximizes expectation by fitting mixtures of Gaussian models to samples in high 

dimensional spaces. Deep learning-based models have been implemented for modeling human activities 

[11–13] based on video or skeleton. Open pose for two-dimensional pose estimation presented in [14] has 

employed a multi-stage CNN for extracting spatial features for human action recognition. Deep 

convolutional generative adversarial networks (GAN) have also been used to classify human activities even 

for fewer training datasets [15]. Further investigations for human motion generation or synthesis for enabling 

human interaction with smart machine systems that may involve higher-level human intention prediction 

and detection and lower-level details of actions have been shown in [16,17]. 

2.3 Human activity recognition datasets.  

Dataset for HAR that publicly available includes HMDB51 [18], UCF50 [19], NTU RGB+D dataset [20], 

MSR-Action3D [21], and InHARD [10]. HMDB51 was introduced by [18], consisting of approximately 

seven thousand realistic video clips from sources such as movies and web series. The dataset consists of 51 

classes of general day-to-day life activities such as jumping, laughing, kissing, and others, with 100 samples 

in each category. Another dataset in a similar category is UCF50 [19], which has offered 50 activity classes 

collected from online platforms like YouTube. The activities offered in the dataset include horse riding, pull-

ups, diving, running, skipping, etc. Later, the activities are extended into 101 classes with the same human 

activity category, which is called UCF101. Both datasets offer only RGB data at a resolution of 320 x 240 

with a fixed frame rate of 25 frames per second (fps). 

The kinetics dataset introduced by [22] consists of a significant dataset for HAR with 700 activity classes 

with more than 700 video par classes. Each video is captured from YouTube videos lasting for ten seconds. 

Types of activities included in the data set are human-to-human or human-to-object interactions such as 

shaking hands, hugging, steering the car, and brushing the floor. NTU RGB+D dataset presented by [20] 

offers a diverse range of activity classes. Types of action are divided into three categories: eleven mutual 

activities like pushing, kicking, etc., nine health-related activities such as sneezing, staggering, etc., and 40 

daily activities like drinking, reading, etc. It consists of approximately fifty-seven thousand samples in RGB 

+ Depth and in skeleton format. In addition, MSR-Action3D presented by [21] has been a choice for 

skeleton-based activity recognition. Dataset offers 567 depth map sequences with 20 different hand gesture 

activity class-like horizontal arm waves, drawing a circle with an arm. Depth maps are captured using a 

depth camera sensor and are available in 640 x 240 resolution of recorded sequences 

Though many datasets offer a diverse range of activity classes to facilitate HAR processes, most of them are 

related to daily life or health-related activities. From an industrial HAR point of view, there is a lack of a 

dataset that offers industrial activities, which is further addressed by [10] and presented InHard dataset 

(Industrial Human Activity Recognition Dataset). InHard demonstrates the actual industrial activity in an 

industrial environment, and the dataset is publicly released to facilitate the research progress in the field. The 

dataset provides various industrial assembly activities in the skeleton and RGB video format to facilitate 

HAR in the industrial environment. Moreover, it has not been well evaluated by the scientific community. 

3. Methodology  

A Panasonic 4K camcorder was employed in our experiment to obtain the video from the right side at 45 

degrees. Similarly, the Xsens Awinda IMU system is used to capture the joint motions for comparison to the 

InHard (c. [10])  dataset. However, both datasets comprise different settings such as frame rate, skeleton 
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joint numbers, and motion capturing systems. Therefore, we must resample the time to make a consistent 

frame rate, re-arrange the data structure and retarget the skeleton before comparing.  

The InHard dataset has offered an actual use case of industrial activities such as assembly of a part, picking 

components, measuring components, and representing actual industrial setup. The dataset comprises RGB 

video and IMU data for different participants (person) and in an adequate quantity. The participant's task in 

the InHard dataset is to assemble a component following instruction sets with the help of the UR10 robotic 

arm, using screws and hooks and a tool such as a screwdriver (c. [10,23]). The same activity with a different 

job (e.g., assembly of gear components) is proposed to reproduce InHard activities. The RGB video from 

the top view is used to analyze the spatial activities, while the RGB camera from the side helps to acquire 

(c. Figure 1)  

 

           (a)                            (b)                             (c)                          (d)                               (e)  

Figure 1 Validation and comparison of the InHard and newly captured datasets in the lab environment for similar 

activities but different sensing systems; InHard dataset (a) IMU skeleton, (b) Open pose overlay, (c. [7]), New dataset 

(c) IMU skeleton, (d) Open pose overlay, (e) RGB spatial. 

The methods for HAR based on video and skeleton dataset is described in three categories in subsection 3.1, 

and 3.2. 

3.1 Human activity definition and dataset curation 

Before the pre-processing task, it is necessary to explore the dataset to remove any unwanted data. Only an 

adequate and equal number of samples are provided for the deep learning method for training. Following is 

the list of nine low-level activity classes of both skeleton and RGB data with several samples in each class. 

Table 1 Number of samples in each activities class. 
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1378 500 456 641 385 461 485 420 224 

It is essential to provide equal training data for each activity class to ensure proper learning of the network 

and the overall accuracy of the network. As deep learning algorithms require a large amount of data for good 

performance, we have only considered more than 200 samples classes. To facilitate HRC in the industry, the 

InHard dataset community has generalized assembly activities and presented activities that are used in many 

industrial assembly processes. Activities are divided into low-level activities, consisting of nine action 

classes (see Table 1), and high-level activities, which comprise 72 detailed action classes for more accurate 

activity detection.  
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3.2 HAR modeling based on sequential and temporal memory networks 

A fusion of CNN and LSTM (see Figure 2) is proposed to take advantage of both networks as CNN handles 

spatial information and LSTM takes care of temporal data information. Video frames are given as input to 

CNN using a pre-trained network inception V3. The inception V3 model is one of the commonly used 

computer vision techniques for tasks such as object detection. It is pre-trained on the ImageNet dataset 

consisting of one thousand categories. Inception V3 architecture is built with symmetric and asymmetric 

blocks. The block includes a series of smaller convolutions, average pooling, and max pooling for faster 

training and processing of image data [24]. The last output layer of the CNN network is removed to obtain 

the feature vector. Then this feature vector becomes an input to the LSTM to learn temporal dependency and 

give the final classification. 

 

Figure 2 Fusion of CNN and LSTM architecture for action recognition and model evaluation using InHard and new 

dataset. 

Table 2 System configuration for deep learning model 

Feature Description 

Hardware 

configuration 

All the deep learning model pre-processing and training are done using a high-performance 

computing (HPC) cluster, which has a specification of AMD 3.35 GHz CPU, NVIDIA 

Tesla V100 GPU, and 128 GB of RAM. 

Data 

preparation 

A model is trained for 14 low-level activity classes with approx. 400 samples per class. 

77% of data is used for training, 3% for training validation and the remaining 20% of data 

is used to evaluate the trained model. 

Optimizer Adamax 

Performance of the InHard dataset is tested using a deep learning model: Long Short-Term Memory (LSTM) 

and Convolution Neural Network (CNN). The accuracy of the dataset is tested using segmented activity 

recognition using both Skeleton and RGB data. The system configuration details are shown in Table 2. The 

implementation comprises IMU-based joint data and RGB-based skeleton pose data to further predict and 

detect human activity in the same time domain. Pose detection and LSTM technique are applied to RGB 

video data to extract the skeleton pose from video using an open pose library [14]. LSTM processes the 

extracted skeleton pose data and classifies the activity. LSTM is used to process the temporal dependency 

of extracted features and classify the activity at the end. We have used a single LSTM model to train skeleton 

data (BVH files); for RGB data (.mp4 files) training, CNN and LSTM are fused in which CNN is used to 

extract the spatial feature (resolution) of video frames. 
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As we are dealing with activity recognition tasks that may include different lengths, we have employed an 

LSTM model as a final output model for all cases. It is necessary to note that LSTM takes temporal features 

as an input in which the time-stamp indicates the length of the activities. Some of the InHard dataset 

activities are of different lengths, and this required us to perform training of the model using two different 

lengths of activity for each method. Accordingly, the activity length is categorized as short and long length 

activity in which for short length activity, the first 30 seconds of data is considered, and for prolonged length 

activity, the first 60 seconds of data is considered for each case. 

Before starting the training of deep learning models, it is necessary to clean and pre-process the training and 

test data. The cleaning and pre-processing of the InHard dataset include dividing the data frame into smaller 

batches, extracting skeleton data, and labeling its class. The training process is similar for both Skeleton 

(BVH) and video-skeleton cases. In both, hierarchical skeleton data is converted into vectors along with its 

class label. Besides, the data frame is divided into smaller batches depending on the length of the activity 

(short and long). Then these batches are used to train the LSTM model. The human activity recognition 

network code is publicly available [25]. The Tensorflow and Keras framework has been implemented for 

the training deep-learning model. Tensorflow is an open-source platform that provides various machine 

learning libraries, and Keras is a user-friendly high-level API that runs on top of Tensorflow [26].  

4. Result 

Based on systematically selected Tensorflow and Keras framework parameters, the early patience is to 4, 

and the learning rate is set to 0.02. The loss function is set to categorical cross-entropy as it is the default 

choice for classification.  

 

Figure 3 Comparison of model parameters for short activity (SA) or long activity (LA) for training (T) and validation 

(V) phase. 

For tuning the models, we have altered different parameters such as optimizer, size of input batches, and the 

number of hidden layers to obtain optimal parameters. The tuning parameters are epoch: 100, optimizer: 

'Adam' and 'Adamax', number of hidden layers: 1, 2, and 3, number of batches: 4, 8, and 16, and the same 

training process is repeated for two activities length data, i.e., short and long (see Figure 3).  

Training result is presented for skeleton (BVH) and video-skeleton data. For skeleton (BVH) and video-

skeleton data, the LSTM model is used and trained using a different model structure and parameters for short 

and long activity length types. The same training procedure is applied for RGB video data on CNN and 

LSTM network fusion. Training and validation accuracy for each model structure, parameters, and activity 

length is compared in Figure 3. The result shows the percentage of accuracy for RGB-based skeleton short 

activity and prolonged activity (RGB-SA and RGB-LA), RGB-based spatial video for short and long activity 
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(RGB-SP-SA and RGB-SP-LA), and IMU-based skeleton for short and long activity (IMU-SA and IMU-

LA) data for different numbers of hidden layers and batch sizes (4, 8, and 16). 

 

 (a) Short activity from IMU skeleton (IMU-SA)             (b) Long activity from IMU skeleton (IMU-LA) 

 

 (c) Short activity from RGB skeleton (RGB-SA)          (d) Long activity from RGB skeleton (RGB-LA) 

 

 (e) Short activity from RGB spatial (RGB-SP-SA)       (f) Long activity from RGB spatial (RGB-SP-LA)  

Figure 4 Confusion matrix representing the comparison of the predicted and detected actions. 
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The quantitative results based on Figure 3 show that short-activity recognition based on RGB video skeleton 

has achieved model training accuracy of 89% and validation accuracy of 75%. The training accuracy remains 

89% for the long-activity, while the validation accuracy drops to 65%. Using the model for evaluation on a 

test dataset yields 62% and 63% accuracy for short and long activity, respectively. Considering the IMU 

skeleton, the highest training accuracy and validation accuracy of short-activity are 94% and 72%, 

respectively. The long-activity is 98% for training accuracy and 76% for validation. Using the training 

weights of the model with the highest training accuracy and validation accuracy, the evaluation with test 

data yields evaluation accuracy of 85% for short-length activity and 88% for long-activity. For RGB video, 

a fusion of CNN and LSTM achieved 81% and 78% training and validation accuracy for short activity length 

and 80% and 72% training and validation accuracy for long activity length. Fusion of model has shown a 

77% and 74% evaluation accuracy on test data. 

A confusion matrix, which has a size of n x n, where n is the number of activities, is used to evaluate how 

accurately the model can classify the activities (c.[27]). The matrix compares the actual activities with the 

predicted activities (see Figure 4). 

5. Discussion  

To facilitate HRC, we have tested the InHARD dataset for industrial activity recognition using deep learning 

techniques for two modes of data: IMU skeleton data, and video-skeleton data, among which skeleton 

activity recognition has shown 88% evaluation accuracy, RGB video model gave 77%, and video-skeleton 

data is with 63% of evaluation accuracy on InHard dataset. 

The model's prediction is better when activity length is long because it has acquired more data frame (i.e., 

the batch size consists of 60 seconds of activity) than in short-length activity where the duration is 30 

seconds. Skeleton data provides detailed information about each human pose, more training data, and 

improved accuracy. Thus, it has been possible to distinguish the classification of activities having slight 

differences, such as putting down the screwdriver and picking up the screwdriver accurately.  

The video-skeleton method using open pose techniques shows poor results compared to the IMU methods. 

It classifies the activities; however, it gets confused between similar activities such as Take the screwdriver 

and Put Down Screwdriver. As the open pose technique highly depends on the person's view for detecting 

key points on the body for mapping to the skeleton, considering a camera position in a proper orientation 

with minimum occlusion possibility is crucial for obtaining better results. With the implemented open pose 

technique, only the required region of interest is considered from the RGB video to avoid noise that may 

affect the model accuracy. The comparison results with different datasets captured in the lab environment 

shows less than fifty percent success ratio from the captured twenty operations, while the IMU skeleton 

accuracy is 67%. On the other hand, the RGB video model (CNN+LSTM) has shown 60% accurate detection 

for some activities captured in the lab with Panasonic 4K camera. The accuracy evaluation of the proposed 

methods is still below the accuracy of the human activity recognition that has been published in [17], which 

employs region-based joint configuration. Reproducible workplace setup does not necessarily yield the same 

output for reasons such as motion capturing systems, body size variation, and implementation complexities. 

Overall results show that human activity recognition for industrial setup is still challenging to detect activities 

when robots are considered in the loop accurately. Due to the skeleton, body size, capturing system, and 

model parameters, repeated activities performed in different workplace settings are not straightforward to 

reproduce. Open source datasets such as InHard are helpful to investigate optimal settings for motion 

capturing and modeling, allowing to exploit the opportunities and identify the inherent challenges regarding 

activity prediction and detection techniques. However, more datasets must be employed before generalizing 
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human activities and actions detections. This may facilitate the path toward sustainable human and robot 

collaboration. 

6. Conclusion and future outlooks 

Human activity recognition in the cognitive production system may change the way humans and machines 

interact and cooperate for completing tasks. Gathering sufficient data that helps to extensively evaluate the 

performance and limitations of existing methods is still challenging. The main reasons discussed are model 

accuracy, data validity, and activity duration. Employing multi-systems for human motion data acquisition 

such as IMU and Optical cameras, methods such as CNN+LSTM approaches are evaluated for their 

accuracy. The overall result shows open research questions regarding motion capturing methods, feature 

mapping, and labeling. Nevertheless, the proposed approach has the potential to improve the way robots 

learn human motion behavior as co-partners. Future works will address real-time activity recognition with 

an extended cognitive capability in human-centric workplaces.  

Acknowledgments 

The authors acknowledge the European Regional Development Fund (EFRE) within the project SMAPS 

(grant number: 0200545) for the financial support. Similarly, the authors would like to acknowledge the 

ZIMT department for Scientific Computing services at the Universität Siegen.  

References 

[1] Li S, Wang R, Zheng P, Wang L. Towards proactive human–robot collaboration: A foreseeable cognitive 

manufacturing paradigm. J Manuf Syst 2021;60:547–52. https://doi.org/10.1016/j.jmsy.2021.07.017. 

[2] Pichler A, Akkaladevi SC, Ikeda M, Hofmann M, Plasch M, Wögerer C, et al. Towards Shared Autonomy for 

Robotic Tasks in Manufacturing. Procedia Manufacturing 2017;11:72–82. 

https://doi.org/10.1016/j.promfg.2017.07.139. 

[3] Ji Z, Liu Q, Xu W, Liu Z, Yao B, Xiong B, et al. Towards Shared Autonomy Framework for Human-Aware 

Motion Planning in Industrial Human-Robot Collaboration. 2020 IEEE 16th International Conference on 

Automation Science and Engineering (CASE), 2020, p. 411–7. 

https://doi.org/10.1109/CASE48305.2020.9217003. 

[4] Vysocky A, Novak P. Human - Robot collaboration in industry. MM Science Journal 2016;2016:903–6. 

https://doi.org/10.17973/MMSJ.2016_06_201611. 

[5] Kumar S, Savur C, Sahin F. Survey of Human–Robot Collaboration in Industrial Settings: Awareness, 

Intelligence, and Compliance. IEEE Transactions on Systems, Man, and Cybernetics: Systems 2021;51:280–97. 

https://doi.org/10.1109/TSMC.2020.3041231. 

[6] Bauer A, Wollherr D, Buss M. Human–robot collaboration: a survey. Int J Human Robot 2008;05:47–66. 

https://doi.org/10.1142/S0219843608001303. 

[7] Hartmann B. Human worker activity recognition in industrial environments. KIT Scientific Publishing; 2011. 

https://doi.org/10.5445/KSP/1000022235. 

[8] Roitberg A, Somani N, Perzylo A, Rickert M, Knoll A. Multimodal Human Activity Recognition for Industrial 

Manufacturing Processes in Robotic Workcells. Proceedings of the 2015 ACM on International Conference on 

Multimodal Interaction, Seattle Washington USA: ACM; 2015, p. 259–66. 

https://doi.org/10.1145/2818346.2820738. 

[9] Voronin V, Zhdanova M, Semenishchev E, Zelenskii A, Cen Y, Agaian S. Action recognition for the robotics 

and manufacturing automation using 3-D binary micro-block difference. Int J Adv Manuf Technol 2021. 

https://doi.org/10.1007/s00170-021-07613-2. 

70



[10] DALLEL M, HAVARD V, BAUDRY D, SAVATIER X. InHARD - Industrial Human Action Recognition 

Dataset in the Context of Industrial Collaborative Robotics. 2020 IEEE International Conference on Human-

Machine Systems (ICHMS), 2020, p. 1–6. https://doi.org/10.1109/ICHMS49158.2020.9209531. 

[11] Cho NJ, Lee SH, Suh IH. Modeling and evaluating Gaussian mixture model based on motion granularity. Intel 

Serv Robotics 2016;9:123–39. https://doi.org/10.1007/s11370-015-0190-1. 

[12] Ji S, Xu W, Yang M, Yu K. 3D Convolutional Neural Networks for Human Action Recognition. IEEE 

Transactions on Pattern Analysis and Machine Intelligence 2013;35:221–31. 

https://doi.org/10.1109/TPAMI.2012.59. 

[13] Wang P, Liu H, Wang L, Gao RX. Deep learning-based human motion recognition for predictive context-aware 

human-robot collaboration. CIRP Annals 2018;67:17–20. https://doi.org/10.1016/j.cirp.2018.04.066. 

[14] Cao Z, Hidalgo G, Simon T, Wei S-E, Sheikh Y. OpenPose: Realtime Multi-Person 2D Pose Estimation Using 

Part Affinity Fields. IEEE Transactions on Pattern Analysis and Machine Intelligence 2021;43:172–86. 

https://doi.org/10.1109/TPAMI.2019.2929257. 

[15] Shi X, Li Y, Zhou F, Liu L. Human Activity Recognition Based on Deep Learning Method. 2018 International 

Conference on Radar (RADAR), 2018, p. 1–5. https://doi.org/10.1109/RADAR.2018.8557335. 

[16] Liu H, Qu D, Xu F, Zou F, Song J, Jia K. A Human-Robot Collaboration Framework Based on Human Motion 

Prediction and Task Model in Virtual Environment. 2019 IEEE 9th Annual International Conference on CYBER 

Technology in Automation, Control, and Intelligent Systems (CYBER), 2019, p. 1044–9. 

https://doi.org/10.1109/CYBER46603.2019.9066603. 

[17] Manns M, Tuli TB, Schreiber F. Identifying human intention during assembly operations using wearable motion 

capturing systems including eye focus. Procedia CIRP 2021;104:924–9. 

https://doi.org/10.1016/j.procir.2021.11.155. 

[18] Kuehne H, Jhuang H, Garrote E, Poggio T, Serre T. HMDB: A large video database for human motion 

recognition. 2011 International Conference on Computer Vision, 2011, p. 2556–63. 

https://doi.org/10.1109/ICCV.2011.6126543. 

[19] Reddy KK, Shah M. Recognizing 50 human action categories of web videos. Machine Vision and Applications 

2013;24:971–81. https://doi.org/10.1007/s00138-012-0450-4. 

[20] Shahroudy A, Liu J, Ng T-T, Wang G. NTU RGB+D: A Large Scale Dataset for 3D Human Activity Analysis. 

2016 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA: IEEE; 2016, 

p. 1010–9. https://doi.org/10.1109/CVPR.2016.115. 

[21] Li W, Zhang Z, Liu Z. Action recognition based on a bag of 3D points. 2010 IEEE Computer Society Conference 

on Computer Vision and Pattern Recognition - Workshops, San Francisco, CA, USA: IEEE; 2010, p. 9–14. 

https://doi.org/10.1109/CVPRW.2010.5543273. 

[22] Smaira L, Carreira J, Noland E, Clancy E, Wu A, Zisserman A. A Short Note on the Kinetics-700-2020 Human 

Action Dataset. ArXiv:201010864 [Cs] 2020. 

[23] DALLEL M, HAVARD V, BAUDRY D, SAVATIER X. InHARD - Industrial Human Action Recognition 

Dataset in the Context of Industrial Collaborative Robotics 2020. https://doi.org/10.5281/zenodo.4003541. 

[24] Szegedy C, Vanhoucke V, Ioffe S, Shlens J, Wojna Z. Rethinking the Inception Architecture for Computer Vision. 

2016 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), 2016, p. 2818–26. 

https://doi.org/10.1109/CVPR.2016.308. 

[25] Tuli TB, Patel VM, Manns M. HARNets: Human Activity Recognition Networks Based on Python Programming 

Language. 2022. https://doi.org/10.5281/zenodo.6366665. 

[26] Abadi M, Agarwal A, Barham P, Brevdo E, Chen Z, Citro C, et al. TensorFlow, Large-scale machine learning on 

heterogeneous systems. 2015. https://doi.org/10.5281/zenodo.4724125. 

[27] Powers DMW. Evaluation: From Precision, Recall and F-Factor to ROC, Informedness, Markedness & 

Correlation, 2008. 

71



Biography 

Tadele Belay Tuli is a researcher and Ph.D. candidate at the University of Siegen, Germany. 

He received his M.Sc. in Mechatronics Engineering, robotics curriculum from the University of 

Trento, in Italy. His research interest covers human motion behavior modeling for human-robot 

collaboration, human activity recognition, and path planning for 3D printing. 

 

Valay Mukesh Patel is an M.Sc. student at the University of Siegen, Germany, in Mechatronics 

Engineering. His research interest is automation and human activity recognition.  

 

 

Martin Manns has been head of the Chair of Production Automation and Assembly (FAMS) 

at the University of Siegen since 2016. Before his appointment, Univ.-Prof. Dr.-Ing. Martin 

Manns has worked in production research at Daimler AG (2009-2016) and Henkel KGaA 

(2007-2009) and as a post doctorate fellow at the University of Winsor, Ontario, Canada (2006-

2007). 

72



DOI: https://doi.org/10.15488/12172 

CONFERENCE ON PRODUCTION SYSTEMS AND LOGISTICS 
CPSL 2022 

__________________________________________________________________________________ 

3rd Conference on Production Systems and Logistics 

The Contribution Of New Production Technologies And Circular 
Economy Towards Meeting The Future Demand Of Proton-exchange 

membrane Fuel Cells – A Literature Review 

Patrick Alexander Schmidt1

1Fraunhofer Institute for Machine Tools and Forming Technology IWU, Reichenhainer Straße 88, 09126 Chemnitz, Germany 

Abstract 

The energy and mobility sectors contribute significantly towards the global CO2 emissions. The proton-
exchange membrane fuel cell finds application in both sectors and represents a possible green and sustainable 
technology for electricity generation. Current production rates do not satisfy the predicted demand for 
proton-exchange membrane fuel cells as the diffusion of this technology keeps increasing. Nor does the per-
part cost guarantee a globally sufficiently broad application. The industry must overcome technological and 
economic obstacles to enable higher production rates at a lower cost per unit.  

This research gives an overview of current proton-exchange membrane fuel cell production and stacking 
technologies and provides an outlook on processes that need to be improved to enable faster and lower-cost 
production. Additionally, the impact of remanufacturing as an end of life option on the circular economy, 
production, and ecological impact of proton-exchange membrane fuel cells is examined.  

The knowledge generated by this research shall support increasing proton-exchange membrane fuel cell 
production rates to catch up with the predicted demand. Since current research on proton-exchange 
membrane fuel cell remanufacturing is rare, findings on this topic will support the industry in preparing for 
circular production processes in the future. Results of the present work include an overview of the current 
state of production for proton-exchange membrane fuel cells, the areas that need improvement, and the role 
of a circular economy. 

Keywords 

Circular economy; End of life; High-rate production; Proton-exchange membrane fuel cell (PEMFC); 
Remanufacturing. 

1. Introduction

With the Paris Climate Agreement, 194 countries and the European Union set themselves to limit global 
warming due to increasing greenhouse gas emissions to well below 2°C and ideally to below 1.5°C [1]. 
Germany was responsible for 1.9% of global CO2 emissions in 2019 [2]. In 2019, Germany caused 39% of 
its CO2 emissions by electricity generation, 23.5% by industry, 21.5% by transport, and 16% by the building 
sector (only includes heat production, other sources count towards electricity consumption) [3]. In order to 
counteract the climate crisis, the areas mentioned above need a transformation. One possible technology for 
reducing CO2 emissions in the transport, industry, and building sectors are proton-exchange membrane fuel 
cells (PEMFC) combined with green hydrogen. The use of PEMFCs can replace the use of fossil fuels in 
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transport and, when installed in buildings as combined heat and power units, generate electricity and at the 
same time use waste heat efficiently.  

Due to limited distribution, the current annual production volume of PEMFC is still shallow. However, there 
are signals from politics, such as the National Hydrogen Strategy [4], and the economy, which point to an 
enormously increasing sales market for PEMFC. The Hydrogen Council forecasts that 10 to 15 million cars 
and 500,000 trucks worldwide will run on fuel cell technology in 2030, and 400 million cars and 15 to 20 
million trucks in 2050 [5]. The Japanese car manufacturer Toyota states that its fuel cell cars production will 
increase tenfold from 3,000 vehicles per year in 2021 [6]. Optimistic forecasts see growth to up to 1.8 million 
hydrogen vehicles in Germany in 2030. The use of PEMFC is not limited to passenger cars. The technology 
benefits public transportation with regional trains [7].  

In order to meet the anticipated demand for fuel cells, a high-rate production is required (explained in section 
3.2). Furthermore, a holistic consideration of the life cycle of the PEMFC is necessary to exploit the 
sustainability potential fully. Therefore, in addition to manufacturing, it is necessary to examine the aspects 
of disassembly and recycling of the PEMFC. This paper aims to overview the existing processes for 
assembly, high-rate production, disassembly, and end of life (EOL) options of the PEMFC and derive 
necessary developments. The following section deals with the mode of operation, the components, and the 
application areas of the PEMFC. Subsequently, existing stacking concepts for the PEMFC, possibilities of a 
high-rate production, and effects on the production costs will be examined. Finally, possibilities and 
obstacles in the dismantling and recycling process are presented. 

2. Operating principle 

Fuel cells convert chemical energy from gases or liquids into electrical energy and release heat during this 
process [8]. In the PEMFC, this process occurs through the oxidation of a fuel and the reduction of an 
oxidant [9]. The fuel is hydrogen, and the oxidant is atmospheric oxygen. The membrane electrode assembly 
(MEA) separates the hydrogen and oxygen streams. The MEA consists of a semi-permeable membrane that 
carries an electrolyte and two electrodes with a catalyst layer [10]. The separating membrane is only 
permeable to the hydrogen protons produced during oxidation on the anode side of the catalyst but not to the 
electrons. It is therefore referred to as a proton exchange membrane (PEM). The flow of electrons takes a 
diversion via an external circuit to the cathode and generates electricity in the process. The electrons are then 
absorbed by the atmospheric oxygen at the cathode, forming water.  

In addition to the PEMFC, there are other types of fuel cells. These differ in the electrolytes used, the fuel 
for the anode, the level of power, the operating temperature, and the electrical efficiency, resulting in 
different areas of application [9].  

The application areas of the PEMFC can be divided into stationary, portable, and mobile applications. 
Applications in the portable sector include a power supply for small consumers. Stationary power generation 
up to the megawatt range and combined heat and power generation are other application areas [11]. Mobile 
uses for the PEMFC are trucks, submarines, cars, and buses [9]. The PEMFC is well suited for mobile 
applications, as the power output can be controlled dynamically [12]. This study focuses on the PEMFC. 

3. Assembly 

3.1 Stacking concepts 

The voltage of one fuel cell amounts to 1V approximately. Most applications, however, require higher 
voltage. Therefore, several individual cells, consisting of alternately stacked bipolar plates (BPP) and MEA, 
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are combined into a stack. This process can be performed manually or automated and must be prepared in 
previous work steps further explained in the following [13]. 

The MEA is the most crucial fuel cell component and consists of two components, which are the catalyst-
coated membrane and the gas diffusion layer. The decal process is a method to produce the catalyst-coated 
membrane [14]. In this process, the catalyst material (a mixture of carbon substrate and platinum) is first 
applied to a carrier medium (decal) and transferred to the polymer membrane in a further step by hot pressing. 
To produce the gas diffusion layer carbon paper or fabric is needed. It is made from cut carbon fibres and 
subsequently impregnated and graphitised. A microporous layer is subsequently applied to increase the water 
balance of the electrode. The finished gas diffusion layer is then glued to both sides of the catalyst-coated 
membrane by hot pressing and cut into shape as a MEA. The BPPs are still missing for a complete fuel cell. 
They can be made from coated metal or a graphite composite material. While the composite plate can already 
be provided with a seal after the manufacturing process, the metal variant requires further work steps 
beforehand. The half-plates must first be cut out, which is usually done by laser, and then two half-plates 
must be welded on top of each other to form a complete BPP. A gasket is applied to the combined plate after 
a leak test. The gasket serves as insulation between BPP and MEA. This concludes the preparation for the 
stacking. 

The stacking process starts with the lower endplate and the lower current collector. A BPP with a gasket and 
a MEA are stacked on top of each other alternating. This process is repeated until the desired number of fuel 
cells has been reached. Then, the upper current collector and the upper endplate follow, in which the media 
supply lines are also located. The individual components must be placed as precisely as possible. In the next 
step, the complete stack is pressed together to connect everything tightly and minimise the resistance of the 
contact surfaces. It is essential to ensure that the pressing force is applied evenly everywhere during this 
process. If this is not the case, significant reductions in performance and service life cannot be ruled out. The 
compressed state must be guaranteed permanently. The stack is held together by either tension bands or 
tension rods. Subsequently, an initial leak test takes place, such as pressure drop and flow tests. Before the 
stack is placed in a housing and covered by the distributor plate, final work steps are necessary, such as 
attaching the contacts and current busbars and the cell voltage monitoring module for the cell voltage. The 
so-called running-in on the test bench follows, where all mediums (hydrogen and oxygen) are connected. 
Through this process, the stack's performance can be determined. Finally, another leak test may be carried 
out, after which the fuel cell is installed with other system components and is ready for use [14]. 

3.2 High-rate production 

The stacking process described in the previous section can be carried out in various ways. While the stacks 
are still partly stacked by hand, partially or fully automated processes have been developed in the meantime. 
Automated processes use carousel devices or conveyor and feed systems, although manual work steps are 
still necessary in some cases. Pick-and-place robots could automate these processes [15]. The extended use 
of robots would be a first step in the direction of high-rate production. A crucial development, especially 
regarding the capacities, is required in the future [16]. 

In the context of this paper, the term "high-rate production" concerning the fuel cell means an approximation 
to the production figures from the automotive industry. The cycle time for a vehicle is 60 seconds on average. 
In order to adapt the fuel cell stack production to this, ten cells must be stacked in one second, based on a 
stack with 400 to 600 cells. That situation, however, assumes that 100% of cars plant’s production need a 
fuel cell stack and is therefore relevant for highly specialised fuel cell production plants. If a supplier wanted 
to produce, for instance, 20.000 fuel cell stacks a year with 400 cells per stack, the cycle time would be 
roughly about 2.5s per fuel cell (assumptions: 240 days and 24h of work).  
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Nevertheless, the cycle times are still insufficient for the envisaged demand, so parallelisation and 
modularisation of the production capacities are necessary. A modular approach might allow to adapt steadily 
to increasing demands. Irrespective of this, production volumes must be increased to meet the planned future 
sales volumes of fuel cell electric vehicles (FCEVs), and new and faster production facilities must be found 
as a result. The necessary production capacities entail several prerequisites that need consideration as early 
as the planning stage of the plants. The quality and the safety of the fuel cell must not be reduced by shorter 
cycle times. Precision and repeatability are essential, and the handling of sensitive components must also be 
guaranteed in terms of quality, even in automated production. Some of the components, such as the MEA 
and gaskets, are flexible and thin, complicating the automated handling even further [17]. Since the same 
components from different suppliers can differ in shape, size and tolerances, machines must be adaptable. 
The same applies to the produced stacks, which have different dimensions depending on performance. As a 
result, it is advantageous if machines already have a high degree of adaptability, which prevents long 
conversion times or even breakdowns. For a smooth production process, bottlenecks in the components must 
be taken into account and calculated in advance. Subsequently, the cycle and throughput times must be 
adaptable [16].  

In principle, however, making only the stacking process faster does not suffice to reach the desired 
production capacities. The individual component production must be improved, too. The production of BPPs 
and MEAs and the connection of the two components has great potential. The components could be produced 
in the roll-to-roll process in the future. In this process, the material is unwound from a roll, processed, and 
then rolled up again, which speeds up further processing and makes it possible to produce complete cells in 
a short time and separate them. Hence, they are directly available for the production of stacks [18]. However, 
even if the individual components are modified, it is necessary to observe several criteria to ensure that the 
fuel cell meets all requirements. These requirements are mainly regarding the performance of the fuel cell 
stack and system, where, among other things, thermal and electrical resistance must be minimised, but the 
conductivities must be equally maximised. Mediums such as hydrogen and oxygen must also be supplied 
and discharged without leakage, particularly when ambient temperatures change.  

Furthermore, low masses and dimensions are advantageous. In addition to these aspects, manufacturing 
properties and environmental influences are also relevant, in connection with which material selection, 
manufacturing processes, and recycling possibilities are to be mentioned [19]. These criteria are described 
in more detail in section 4. Currently, there are still some hurdles to overcome to fully automated production. 
New processes with a direct coating of the electrode onto the membrane or gas diffusion layer are necessary. 
The production time can be significantly reduced with a continuous lamination process. Faster and, above 
all, defect-free production methods must also be planned for BPP, regardless of the material. In general, the 
quality factor plays an essential role in both the components and the final products, which is why the final 
controls or the methods for checking them must also be improved and accelerated [20]. 

Academia and industry are aware of the necessity to increase stacking velocity and stacking scalability. 
Research is performed on robotised high-speed stacking processes that aim to increase stacking rates through 
gripping several layers of cells at once or through the inclusion of in-line quality control to further reduce 
cycle times [21,22]. Researcher designed an automated workstation layout for fuel cell stacking through the 
parallelisation and decoupling of process steps [23]. Stacking velocities of approx. 2s per stack was reached. 
An outlook was given that cycle times below 2s are possible but would require high development costs. An 
increase in production capacities also has a positive effect on the production costs, as explained in more 
detail in the next section. 

3.3 Cost factors 

Even though the costs for PEMFC systems have fallen by about 50% in the last 15 years, they are still too 
high to achieve a breakthrough for the PEMFC as an alternative on the vehicle market alongside battery-
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powered electric vehicles. The high costs are expected to decrease in the future due to increased demand and 
the associated higher production volumes [24].  

In principle, the costs for the complete fuel cell system consist of the fuel cell stack costs and the costs of 
the system components (for instance, air compressor, water separator, and hydrogen filter). The focus in this 
work is on the stack and its components since in this area, more components are highly dependent on the 
absolute production number. For small production numbers (1,000 stacks/year), five components are 
responsible for over 80% of the costs. If the projected production figures of 500,000 stacks/year are reached, 
only two components (BPP and catalyst) are responsible for 66% of the costs. Therefore, the total price can 
be reduced most effectively by saving costs through an increased production volume [16]. According to a 
report by the U.S. Department of Energy (DOE) from 2018, the price of a fuel cell system per kilowatt net 
power (kWnet) should be reduced to $30 in the future (based on an 80 kWnet PEMFC and production 
quantities of 500,000 stacks/year). As an overview, the DOEs findings on the costs of the individual 
components, depending on the annual production volume, are shown in Table 1. 

Table 1: Influence of production volume on the costs of components and the entire stack [24]. 

Yearly production rate of  1,000 stacks 10,000 stacks 100,000 stacks 500,000 stacks 

BPPs 1,554$ 486$ 404$ 388$ 

MEAs 6,546$ 2,320$ 1,121$ 915$ 

Other components 1,278$ 700$ 135$ 127$ 

Cost complete stack 9,533 $ 3,504$ 1,722$ 1,479$ 

Cost complete stack (per kWnet) 119.16$ 43.8$ 21.52$ 18.49$ 

 

However, these prices cannot be achieved by increasing capacity alone, which is why the production methods 
and the materials used must be changed [18]. For BPP, various materials and the production variants required 
were investigated in terms of the production numbers and costs required. Hydroforming (internal high-
pressure forming) is more cost-effective than progressive stamping for large production volumes when using 
stainless steel. If several panels are produced simultaneously, fewer assembly lines are required, which 
directly impacts costs and processing time. Another way to decrease cost by changing the material is using 
an alternative stainless-steel alloy. A cost reduction of $0.13 to $0.21 per kW net could be reached, while 
there are no disadvantages in use. 

Further savings are also possible by using a different plating process. Even if cost reductions are possible by 
reducing the platinum content and increasing the power density, prices still depend on the material costs 
[25]. Especially regarding precious metals such as platinum, the material price must be paid regardless of 
higher production numbers. For this reason, fluctuations must always be taken into account, and the use of 
other materials should also be considered if necessary. 

4. Disassembly 

After a defect, caused, for example, by impurities in the MEA, disassembly of the PEMFC is a prerequisite 
for reuse or further use. In principle, the process occurs in reverse order to assembly so that peripheral 
components on the stack are removed first (e.g., cell voltage monitoring unit and cooling fan). In the next 
step, the bracing is loosened. Then the endplates and the current collectors can be dismantled to reach the 
individual cells. The cells are lifted off one after the other and can then be disassembled into their 
components (BPP, gasket, gas diffusion layer and MEA) [26]. However, separating the sensitive parts bears 
the risk of damaging the components and making them unusable.  
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Similarly, it is hardly possible to replace individual cells, and inaccurate contact surfaces can lead to 
significant performance losses. For this reason, the introduction of a conductive intermediate layer between 
the BPPs was considered, which would also make it easier to detach them from each other. Flexible graphite 
could be used for this purpose. It also compensates for the poorer surface quality of the plates due to its 
deformability, thus reducing production costs and ensuring better current transmission. At the same time, 
different loads can be better compensated, which has a positive effect on the lifetime of the entire stack [27]. 
A similar patent from the Toyota company involves the use of an adhesive intermediate layer of fluoroplastic 
or silicone resin that can be detached by heat and serves as a seal. This method can also be used for other 
types of fuel cells and is also intended to facilitate the dismantling process. For this purpose, heat is applied 
to the adhesive layer and pressed apart with the help of a wedge, which makes it easier to apply the heat. In 
order to be able to remove residues of the adhesive better and accelerate the separation process, a heat-
dissipating agent is applied along with the adhesive layer, which causes the dissolved adhesive to contract 
again [28]. 

With the help of these ideas, a reduction of the disassembly time is possible, which proves to be especially 
important with increasing numbers of FCEVs in the future. It becomes clear that these aspects must be 
considered before assembly during the planning phase of the stack. Hence, new design guidelines must be 
considered and used. "Design for disassembly" (DfD) is an approach that aims to simplify as well as speed 
up the disassembly process, make it more cost-effective, and recycle as many materials and components as 
possible. The right choice of materials, connecting elements, and the product’s design are fundamental steps 
in the development. The disassembly process can only be improved with sufficient knowledge about the 
developed object’s structure, its use, and the physical and technical limits of the disassembly process [29]. 
Another approach is the so-called Design for Remanufacturing (DfRem), where several design guidelines 
for products are followed to facilitate the EOL phase [30–32]. These guidelines include enabling easy, non-
destructive disassembly through accessibility, modularity, ease of cleaning and handling, designing for 
multiple life cycles, resistance to wear and tear, and considering the EOL phase already during the product 
development process [29,30,33,34]. The DfRem method is primarily used to improve the possibilities for 
closed-loop capability, which will be defined in more detail in the next chapter. 

5. End of life options 

5.1 Proton-exchange membrane fuel cell remanufacturing 

For the PEMFC to be justifiably described as a sustainable technology, it is necessary also to consider the 
end of the product life cycle. It can only be used in a genuinely sustainable manner if a circular economy 
exists in addition to the use of green hydrogen. After focusing on dismantling as a prerequisite for recycling 
the PEMFC in the last chapter, the following section looks at various EOL options, i.e., possibilities for 
returning the PEMFC to the product cycle at the end of its life cycle.  

The various EOL options differ in several aspects. A distinction is made whether a product is reused in the 
same application or with a different purpose [33,35]. Furthermore, there is a difference in the point at which 
the product is reintroduced into the life cycle [36]. The re-entrance point influences the amount of lost energy 
and materials [37]. EOL options in ascending order of lost materials and energy are Reuse/repair, 
remanufacturing (product recycling), recycling (material recycling), energy recovery and landfill disposal. 
Given the cradle-to-cradle approach no waste should be produced. Thus, the first options mentioned should 
be preferred, and the latter avoided. Next, remanufacturing as a possible EOL option for the PEMFC will be 
discussed in more detail.  

Remanufacturing, or product recycling, is the reprocessing of a product after its use phase to the quality level 
of a new product [30]. The exact process steps of remanufacturing are variable depending on the application 
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but can be described as follows: Old part procurement, testing/sorting, cleaning, refurbishment, reassembly 
and a final test [31,36,37]. Various studies of use cases show that remanufacturing influences costs positively 
and, in particular, decreases environmental impacts compared to new production [36,38]. Remanufacturing 
results in less dependence on critical raw materials, advantages for the user due to lower prices and strategic 
advantages for the manufacturer [36]. Examples of remanufacturing applications in the automotive sector 
include engines, gearboxes, starters and turbochargers [36]. From the field of business mathematics, there 
are many publications on remanufacturing [39,40]. However, there is a lack of a deeper consideration of 
remanufacturing for PEMFC from a production engineering perspective. In this consideration, it is crucial 
to take a holistic approach where economic, environmental, and technological factors are considered 
simultaneously to develop the optimal process. Many obstacles exist that give the remanufacturing process 
its complexity. These include low volumes, uncertainty about the number and condition of EOL parts, 
increasing product complexity and disassembly as a cost driver due to manual processes and low product 
know-how [34,36,38,41,42]. 

5.2 Component recycling 

While product recycling for the PEMFC has hardly been practised so far, there are already established 
processes for recycling at the material level, with which different materials of the PEMFC can be recovered. 
For this purpose, the stack must be broken down into its components. Peripheral components, such as control 
electronics, can be recycled via conventional e-waste [13]. Purely metallic components such as tension rods, 
current collector plates and end plates are further processed via metal scrap [43]. Other specific processes 
exist for the individual components of the fuel cell, which will be discussed in more detail below.  

There is a strong focus on the recycling of MEA [13]. One reason is that fuel cell defects can often be traced 
back to the MEA. During the fuel cell operation, the formation of pores or the accumulation of impurities 
from the fuel might damage the membrane in the MEA [43]. Another reason is the material cost. About 42g 
of platinum is installed per stack, which is why the recovery of the materials has a high financial incentive 
[44]. Furthermore, the dissemination of FCEVs will lead to a sharp increase in platinum consumption, as the 
needed amount of platinum is ten times higher than in vehicles with internal combustion engines [44].  

Processes for recovering precious metals from vehicle catalytic converters of internal combustion engines 
cannot be used for the PEMFC, as toxic hydrogen fluorides are produced during the combustion of the 
electrode [43]. Therefore, the catalyst is recovered by chemical extraction [45]. Compared to the catalyst, 
the recovery of the membrane has not been in focus so far but is becoming significantly more relevant 
because of increasing production numbers. The recovery of the membrane is complicated because it merges 
with the gas diffusion layer and the catalyst layer during the operation of the PEMFC, which is why the 
economic benefit of recovery still needs to be examined in detail [13].  

Recycling of BPP depends on the material used. Metallic BPP can be recycled via ordinary metal scrap 
[13,43]. Graphic BPP made from thermoplastics can be cleaned and reprocessed into granulate for BPP 
production by injection moulding. In the case of BPP made from thermosets, re-melting is not possible, so 
only further use as, e.g. filling material is possible [13]. 

6. Conclusion 

The production of PEMFCs is expected to grow, as they represent a sustainable alternative to existing 
technologies in several application areas. Various developments are still necessary to ensure that the 
diffusion of PEMFCs is successful in the future. 

The current production rate of PEMFC is not sufficient to meet future demand. Steps towards high-rate 
manufacturing have already been taken using pick-and-place robots, carousel devices, feeding systems, and 
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direct coating of the electrode by the roll-to-roll process. The mentioned measures, however, are currently 
not yet sufficient. There is still potential for optimisation in the production of the individual components and 
the necessary function tests. Parallelisation and decoupling of process steps are necessary to increase 
production rates. Furthermore, production costs must be reduced in the future, partly because the fuel cell 
costs make up too large a proportion of FCEVs. As production numbers increase, more cost-effective 
manufacturing processes can be applied, among other things. Existing EOL options and dismantling 
processes also need to be improved to increase the recyclability of PEMFCs. Inadequate dismantling 
processes hamper remanufacturing. These processes constitute a significant cost factor in remanufacturing 
due to mainly non-uniform and manual processes. If dismantling is considered in earlier life cycle phases, 
through DfD and DfRem, process costs will decrease. Increased recyclability reduces environmental 
pollution and dependence on critical raw materials. 

Fraunhofer IWU's research efforts will address several of the problems mentioned. For example, there are 
already concepts concerning the component design of individual components and about high-rate 
technologies and manufacturing processes for producing these components. The degree of automation can 
be increased with robot-based manufacturing processes. However, alternative technologies are required 
concerning the desired cycle times of several cells per second. In this regard, there are already initial 
industry-oriented solutions that enable such production rates through continuous flow processes. For the 
further qualification of these processes, it is necessary to implement corresponding test facilities to carry out 
quality-relevant and cycle-time-specific optimisations using the demanding components of the fuel cells. 
Other innovative concepts about fuel cell design with adaptive assembly elements intend to increase the 
efficiency of the fuel cell in operation, especially with fluctuating ambient temperatures. These also need to 
be further qualified regarding an automated high-rate production. 

Furthermore, the economic advantages of remanufacturing the PEMFC as an EOL option are investigated. 
The necessary steps to improve the EOL processes and cycle capability of the PEMFC will be analysed. 
Another research topic is the standardisation and automation of the PEMFC disassembly process. 
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Abstract 

Fibre-reinforced composites are one promising material class to provide a response to the increasing 

environmental awareness within society. Due to their excellent lightweight potential, fibre-reinforced 

composites are preferably employed in safety-critical applications, requiring extensive quality control (QC). 

However, commercially available QC systems are only able to measure fibre deviations, not directly 

detecting the error itself. In consequence, a worker is required to perform a manual inspection.  

Artificial intelligence and especially convolutional neural networks (CNN) offer the opportunity to directly 

detect and classify defects. However, to train the corresponding algorithms large amounts of data are 

required, which are often inaccessible in production. Artificial augmentation of the available data is a popular 

approach to tackle this problem, yet, resulting most of the time in undesired overfitting of the CNN. 

Therefore, in this contribution we examine the transfer of human learning behaviour elements to algorithms 

in form of transfer learning (TL) and curriculum learning (CL). The overall aim is to research, whether CL 

and TL are appropriate approaches to address data scarcity in e.g. production environments. Therefore, we 

perform our research on the error detection of three-dimensional shaped fibre-reinforced textiles. 

Keywords 

Machine Learning; Quality Control; Data Scarcity; Composites; Curriculum 

1. Introduction

In light of increasing environmental awareness and a growing resource responsibility within society, 

lightweight construction solutions are becoming increasingly important. Besides in sports, these 

constructions are especially used in transportation or engineering to reduce moved masses and hence lower 

the pollution caused by emissions. Fibre-reinforced composites in particular are preferably employed in 

safety-critical lightweight applications due to their excellent mechanical properties in relation to their low 

weight [1]. As a result, many lives depend on the proper function and reliability of fibre-reinforced 

composites. To prevent fatal component failure, the quality of the manufactured parts is thoroughly tested 

during and after the production process. Various automated quality control (QC) systems already exist for 

this purpose. Yet, commercially available systems only measure deviations in fibre orientations [2]. 

Subsequently, a worker must determine the specific defect in a manual visual inspection. The inspection 
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process requires a high level of concentration, is repetitive and exhausting for the worker, potentially 

resulting in errors the longer an inspection takes [3].  

Convolutional neural networks (CNN) are a promising approach to directly detect varying defects without 

signs of fatigue. However, a large amount of training data is required for each material and defect. Especially 

for fibre-reinforced composites, many reinforcing textiles are available. Subsequently, this results in a vast 

amount of defect-material combinations. In industrial environments, data is often only available to a limited 

extent or not at all due to a lack of integrated sensors [4]. For this purpose, data augmentation techniques 

such as mirroring or rotating image data have already been developed but can quickly result in an overfitting 

of a CNN due to lacking data diversity [5]. As a consequence, there is a demand for a machine learning 

concept that allows the development of an adaptive QC system that uses limited amounts of data in an 

efficient way.  

Therefore, in this contribution we investigate to what extent concepts comparable to the human learning 

behaviour (e.g. curricula with increasing complexity) can be transferred to algorithm-based learning. In this 

context, transfer learning (TL) as well as curriculum learning (CL) are examined for defect detection during 

three-dimensional shaping of reinforcing textiles. The overall aim is to research, whether CL and TL are 

appropriate approaches to tackle data scarcity in e.g. production environments. Different CNN architectures 

are evaluated during hyperparameter optimisation and thereafter the results of TL and CL are compared to a 

regular (vanilla) training approach. In conclusion, design recommendations and further research activities 

are derived. 

2. Materials & Methods

The TL and CL approaches are strategies of machine learning (ML), which in turn is a subdomain of artificial 

intelligence. The aim of ML is to enable machines to recognize patterns and develop appropriate solutions 

[6]. In the field of image recognition, especially convolutional neural networks (CNN) are employed. With 

these, for instance, defects in textiles can be detected, yet a lot of image data is required. Currently, simple 

data augmentation operations (e.g., flipping or rotating) are commonly pursued to artificially increase the 

amount of data. Complimentary to data augmentation, the intention of TL and CL is to utilize the existing 

data more efficiently and thus enable the CNN to achieve faster learning success [7]. The dataset used and 

the two ML approaches are explained in more detail below. 

2.1 Dataset 

The used dataset includes 3,653 image captures of biaxial ±45° glass non-crimp fabrics (fringe) with 

320 g/m² grammage. The captured images have a resolution of 2,048 x 1,536 pixels and were acquired during 

three-dimensional forming of the textiles with an Apodius HP-C-V3D vision sensor, mounted on a Hexagon 

ROMER Absolute Arm. The forming was performed on the shape shown in Figure 1 as it favours multiple 

defects due to its complex corners and varying curvatures.  

Figure 1: Geometry used for dataset generation 
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The raw images were segmented into 12 overlapping images with a resolution of 512 x 512 pixels each 

(Figure 2) and were then assigned to exactly one of the defect classes fold, flawless, gap, undulation, sling 

and distortion. Exemplary embodiments of each class are depicted in Figure 3. As some classes occur more 

frequently than others, data augmentation is used to create a balanced dataset. An unbalanced dataset could 

result in learning biased correlations and thus leading to erroneous classifications. Data augmentation is 

performed using the operations rescale, flip, brightness adjustment, rotation and zooming to create three 

distinct datasets with 500, 2,000 and 3,000 images for each class. All three datasets are used during a 

hyperparameter optimisation to determine a fitting network architecture as well as the best performing 

dataset. Hyperparameters are parameters that are not influenced by the dataset during training and therefore 

have to be specified before the network’s training. The network’s architecture is primarily determined by 

these hyperparameters, which are iteratively identified in a so-called hyperparameter optimisation. During 

our hyperparameter optimisation (HPO) we alter epochs, dropouts, learning rate, number of layers, number 

of neurons and batch size. After HPO, a validation dataset unknown to the network is applied to evaluate the 

generalisation capability (validation accuracy) of the network. The best performing augmented dataset is 

used for transfer and curriculum learning. 

 

Figure 2: Segmentation of raw images into 12 parts 

 

 

Figure 3: Examples for each defect class 

2.2 Transfer Learning 

In transfer learning, the applied neural network is not designed from scratch, but a pre-trained network is 

used as a starting point. In the pre-trained network, the weights between the individual neurons are already 

preset. Starting from this, the weights can be adjusted more quickly and thus high validation accuracies can 

be achieved in fewer epochs [8].  

In this contribution, the Xception [9] and VGG16 [10] networks are used for transfer learning because they 

exhibit high top 5 accuracy while having widely varying depth, data size, and parameter specification. A 

version of each network pretrained with the ImageNet dataset is used, a hyperparameter optimization is 
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performed and the existing network architecture is specifically adapted. Based on this, design guidelines for 

transfer learning are derived and the validation results are compared with those of the regular (vanilla) 

network. 

2.3 Curriculum Learning 

Curriculum learning is a learning concept for neural networks in which content is processed in increasing 

complexity analogous to human teaching. In the context of neural networks, this means that during training 

not all data is fed to the network at once, but that the training dataset is gradually extended in increasing 

complexity until all data is included. Bengio et al. were able to demonstrate a performance improvement of 

a network by applying curriculum learning in different use cases [11]. However, this has not yet been done 

in the context of defect detection within the fibre-reinforced composite domain. 

For CL, the regular trained vanilla network is used. Based on this, three different curricula are investigated 

in three variants each and then an HPO is performed for each curriculum. In Curriculum 1, the number of 

classes to be learned is gradually increased from 3 to 6 in four stages during training (Table 1). In Curriculum 

2, six classes are introduced and differentiated from the beginning. Initially, this curriculum uses only images 

with horizontal fibres. In the course of the curriculum the diversity of the fibre trajectories increases. In 

addition, the defect characteristics of folds and loops are subjectively divided into four difficulty levels. A 

third variation of Curriculum 2 has an increased amount of steps (eight) in which the data is fed gradually 

during the network’s training. The third curriculum is partitioned based on the illumination intensities of the 

images. In the first stage, bright images are fed, in the second stage dark images are added and in the third 

stage images with bright and dark areas are additionally provided, which have so-called shadow edges. In 

the last stage, the remaining images are fed. The three variants of each curriculum change the order in which 

classes, illumination intensities, or fibre orientations are fed to the training. These are randomized as well as 

descending and ascending according to their brightness (Curriculum 3), fibre orientation (Curriculum 2) or 

precision of each class of the vanilla mesh (Curriculum 1). Precision of a class is defined as the number of 

correctly labelled images of a class divided by the sum of correctly labelled images and the falsely allocated 

images to this class. 

Table 1: Overview of examined curriculum strategies 

 

3. Results 

Following, the results of the vanilla network’s as well as the transfer and curriculum learning networks’ HPO 

and validation are described. 

3.1 Vanilla Approach 

In the course of the vanilla approach, a CNN architecture is determined and all data is fed to the vanilla 

network at once during training. The HPO provides the highest validation accuracy and lowest loss function 

with the dataset consisting of 3,000 images. This dataset is subsequently used for curriculum and transfer 

learning. The HPO of the vanilla network results in a validation accuracy of 90.3 % and a loss value of 0.314. 

First stage of training Changes for following stages

Curriculum 1 Starting with three classes Adding one class every stage

Curriculum 2

Six classes, starting with horizonzal

fibres only, subjective difficulty for

loops and folds

Increasing deviation of fibre

trajectories, increasing difficulty for

loops and folds

Curriculum 3 Only bright images are used Decreasing illumination within pictures
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The network consists of five convolution and one flattening layer, each followed by a dropout layer to avoid 

overfitting. The hyperparameters are 64-128-128-256-512 neurons per layer, 25 training epochs, a dropout 

value of 0.2, a learning rate of 0.0002 and a batch size of 20. The vanilla network’s validation accuracy of 

90.3 % is used as reference value. 

3.2 Transfer Learning Approach 

An HPO is performed with the Xception ImageNet. Analogous to the vanilla training, epochs, batch size, 

dropout, learning rate, number of layers and number of neurons per layer are varied. None of the 142 trained 

networks shows comparable convergence or accuracy as the vanilla network. Either the training and 

validation accuracies are lower than 75 % or a difference between validation and training functions is evident 

(overfitting). Since none of the trained networks has a sufficiently high accuracy, the approach with the 

Xception network is not investigated further. 

Analogously, an HPO with the same parameters is also performed with the VGG16-ImageNet [10]. The 

highest validation accuracy of 93.06% with a loss of 0.5147 provides 15 epochs, a batch size of 5, a 0.3 

dropout and a learning rate of 0.0002 (Figure 4). The number of layers and neurons per layer from [10] can 

be confirmed during the HPO, resulting in only adding one dropout layer at the end of the model and 

adjusting the output layer accordingly. 

 

Figure 4: Training and Validation for VGG 16’s Transfer Learning 

Since the VGG16 is a very deep network with 13 convolutional layers, we omitted and added individual 

layers to investigate how this affected training. In total, we removed 2, 4, 6, and 9 layers and trained the 

network. For all networks with a reduced number of layers, a significant difference between training and 

validation data is evident, suggesting overfitting. The more layers removed, the larger the difference. In 

contrast, adding 2, 4, 6, and 9 layers shows an increase in the generalisation ability of the network. The 

difference between validation and training data decreases as the number of layers increases. From 6 

additional layers onwards, the effect reverses and a reduction in validation accuracies and an increase in loss 

occurs. 

3.3 Curriculum Learning Approach 

The HPO results in the same hyperparameters being applied for Curriculum 1 as in the vanilla network. The 

three variants achieve a validation accuracy of 87.15 %, 91.07 % and 95.25 %. The highest validation 

accuracy (95.25 %) with a loss of 0.2202 is achieved by the curriculum in which the classes are gradually 

added to the training with increasing precision. Compared to the vanilla approach, the curriculum increases 

the precision of the class flawless from 74.17 % to 96.14 % during training and 90.39 % during validation. 

All other classes also show values above 90 %. In total, fewer images are misclassified. (Figure 5). 
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Figure 5: Confusion Matrices during Training of Vanilla Approach (Vanilla, left) and Curriculum 1 Variant 3 

(C1-V3, right) 

For Curriculum 2, which is structured according to fibre orientations and defect characteristics, 25 training 

epochs, a learning rate of 0.0002, a dropout of 0.2 and a batch size of 20 are derived from HPO. With these 

parameters, validation accuracies of 95.00 % (random order), 93.06 % (decreasing fibre orientation and 

precision) and 90.79 % (increasing fibre orientation and precision, 8 stages) are achieved (Figure 6). The 

class flawless together with the class distortion shows the most classification errors and thus the lowest 

precision. However, the curriculum can increase the precisions to 89.46 % (distortion) and 93.17 % 

(flawless). Especially in the first stages of the curriculum, many images are misclassified as flawless or 

distortion during training, while other classes show less or hardly any classification errors. Accordingly, the 

precision values of flawless and distortion are below 60 % during the early stages. 

 

Figure 6: Accuracies of Training and Validation of Curriculum 2’s (C2) three variants (V1-V3, left to right) 

Analogous to the other two curricula, an HPO is also performed for the brightness-based Curriculum 3. The 

resulting hyperparameters are 50 training epochs, a learning rate of 0.0002, a dropout of 0.2 and a batch size 

of 20. All three variants achieve comparable validation accuracies, differences are in the per mil range 

(V1: 94.59 %, V2: 94.71 %, V3: 95.34 %).  

Compared to the other two curricula, Curriculum 3 achieves the highest validation accuracy overall, but the 

precision of the class flawless with 84.38 % is lower than for Curriculum 1 (90.39 %) and Curriculum 2 

(93.17 %). Consequently, the classification errors in Curriculum 1 and Curriculum 2 are distributed more 

evenly across all classes, while in Curriculum 3 the class flawless is the most frequently specified class for 
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classification errors. Overall, higher validation accuracies are achieved with all three curricula 

(AccVanilla = 90.3 %; AccCurricula > 94.59 %). The precision values for the frequently incorrectly specified class 

flawless are increased as well due to the curricula (PrecVanilla = 74.17 %; PrecCurricula > 84.38 %). 

4. Discussion & Conclusion 

The results of transfer and curriculum learning indicate that both strategies can improve the generalisation 

ability of a convolutional neural network. Overall, fewer classification errors occur when one of the two 

approaches is employed. However, especially the defect class flawless seems to be difficult to distinguish 

from the other classes and contains the most incorrect classifications. In our opinion, the difficulty of 

differentiation is due to the great similarity to images of the class gaps. Images of the class flawless often 

have small spaces that can be misinterpreted as gaps. We assume that this is why gaps are most often 

incorrectly categorised as flawless. Interestingly, flawless images are not or hardly ever assigned to the class 

gaps. A similar observation can be made for the class distortion, where we attribute the incorrect 

classifications to superpositions of several defects that may additionally arise due to the distortion, thus 

posing further challenges to the network. Nevertheless, due to transfer and curriculum learning, the networks 

exhibit accuracies, precision and recalls of over 90 %. 

In the context of the TL, pretrained networks (with ImageNet) can in some cases be adopted one-to-one for 

the reinforcement textile defects dataset. Whether this is possible depends strongly on the use case and the 

respective network structure. The more convolutional layers a pre-trained network has, the more data is 

needed to adapt all weights to the new use case in the course of training. Therefore, if the goal is to achieve 

maximum training success of the network with as little data as possible, lean networks with few 

convolutional layers should be selected. However, the results of the TL suggest that additional layers enable 

better feature recognition and thus contribute to higher classification accuracies. At this point, further 

research is needed to investigate causal relationships between network depth, further hyperparameters and 

validation accuracies. Based on these yet to be gained insights, elaborated design recommendations for TL 

in production related context can be derived in the future. 

In curriculum learning, the results show that the derivation of a semantically designed learning plan has a 

beneficial effect on the network's performance indicators (accuracies, precision, recall). However, it is not 

only the semantic, stage-by-stage division into a curriculum that is important, but also the order in which the 

stages are presented to the network. The analysis of the three curricula shows that, for example, the 

arrangement according to precision or the arrangement according to the subjective perception of difficulty 

apparently has no immediate correlation on an improvement. These approaches are therefore not suitable as 

general design recommendations for a curriculum. In this context, the ethically and morally motivated 

question arises whether a machine learns in the same way as a human being and is able to perform a nuanced 

differentiation? Based on this question, we propose to develop metrics for the perception of difficulty or 

relatedness of data units. We see initial starting points for this in the use of confidence scores as well as 

density-based clustering approaches to measure difficulty and identify semantically related data points. 

In conclusion, we observe that both learning strategies achieve higher accuracies in training and validation 

as well as higher discriminatory power in classification. The observed learning effect is comparable to an 

increase in the amount of data in the vanilla approach. As a result, both CL and TL contribute to making big 

data approaches accessible for applications with few data available. Thus, the further investigation and 

successful enhancement of both approaches represents an essential milestone in making artificial intelligence 

accessible in data scarce environments. 
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Abstract 

Electronic appliance manufacturers are facing the challenge of frequent product orders. Based on each 

product order, the assembly process and workstations need to be planned. An essential part of the assembly 

planning is defining the assembly sequence, considering the mechanical product’s design, and handling of 

the product’s components. The assembly sequence determines the order of processes for each workstation, 

the overall layout, and thereby time and cost. Currently, the assembly sequence is decided by industrial 

engineers through a manual approach that is time-consuming, complex, and requires technical expertise. To 

reduce the industrial engineers’ manual effort, a Computer-Aided Assembly Sequence Planning (CAASP) 

system is proposed in this paper. It compromises the components for a comprehensive system that aims to 

be applied practically. The system uses Computer-Aided Design (CAD) files to derive Liaison and 

Interference Matrices that represent a mathematical relationship between parts. Subsequently, an adapted 

Ant Colony Optimization Algorithm generates an optimized assembly sequence based on these relationships. 

Through a web browser-based application, the user can upload files and interact with the system. The system 

is conceptualized and validated using the CAD file of an electric motor example product. The results are 

discussed, and future work is outlined. 

Keywords 

Assembly sequence; production planning; computer-aided assembly planning; industry 4.0; High-Mix Low-

Volume 

1. Introduction

Assembly planning describes the planning of bringing individually machined parts into a final product of 

higher complexity [1]. It incorporates the planning of the assembly tasks and required tools, the sequence, 

the layout, and resources [2]. Due to the market demands for product versions and models, smaller batch 

runs, and shorter concept-to-market lead times, the effort of assembly planning is rising [3–5]. The 

importance of assembly planning is high as assembly accounts for up to 70% of the production costs [1]. 

The assembly sequence planning (ASP) is a fundamental step of the assembly planning process. It has a 

significant impact on the assembly process, such as the assembly line layout and the operations at each 

workstation, and thereby production efficiency and cost [6]. It is complicated to find the optimal assembly 

sequence out of the vast number of possibilities [7]. ASP remains a manual task due to complexity reasons 
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and the impact on the assembly process. The automatization of ASP has been examined in research as one 

of the main drivers for assembly optimization [8].  

It can be observed that especially electronic appliances contract manufacturers with a high-mix low-volume 

production strategy can profit from an automated ASP solution because of the high need and feasibility. The 

need to automate ASP arises on the one side due to the increasing assembly planning effort. Electronics 

contract manufacturers apply the high-mix low-volume production method as a reaction to market demands, 

wide client base and a need to increase profitability [9]. High-mix low-volume is characterized by low unit 

volumes and high diversity, resulting in increased assembly planning effort [10]. Besides, contract 

manufacturers are under constant pressure to reduce costs [9]. Finally, the ASP for contract manufacturers 

is complicated by the limited connection between product design and assembly planning [11]. On the other 

side, the feasibility of an automated ASP is high. ASP can be automated more easily because of the increasing 

uniformity of products due to digitization, that help contract manufacturers serve various customers while 

still achieving economies of scale. This is especially relevant for electronic products, as the parts are 

primarily standard parts like resistors, capacitors, memory chips, which are assembled in many different 

product configurations [12,13]. Also, it can be derived that the high share of manual assembly operations 

supports the feasibility. Electronic appliance assembly mainly consists of the final product assembly which 

is dominated by manual operations [14]. The planning complexity and resulting costs of manual assembly 

are lower in contrast to automated assembly systems [15]. 

Whilst theoretical approaches have been outlined in scientific literature, practical industry solutions for an 

automated ASP remain limited [16,17]. For instance, common CAD software offer minimal support in 

determining the assembly sequence [18]. The paper describes an approach, named Computer-Aided 

Assembly Sequence Planning (CAASP), for high-mix low-volume products in the electrical appliances 

contract manufacturers industry. An overview of related work in assembly sequence planning is given 

(section 2). The solution approach is presented (section 3), and the solution is validated by an electric motor 

assembly example (section 4). Finally, a conclusion is derived, and future work is outlined (section 5). 

2. Related work 

The related work on ASP can be structured regarding practical and theoretical approaches [19], which are 

described in more detail in the following sections. 

2.1 Practical approaches 

There are different practical approaches for assembly sequence planning. Such technological solutions must 

be applicable in the industry and pursue the goal of facilitating assembly sequence planning for the industrial 

engineer. Existing practical approaches are explained below. Based on the necessary information for the 

assembly sequence planning, precedence rules and graphs can be generated [20,21]. These approaches are 

further developed, for example by Hao et al. [22] using a genetic algorithm combined with the simulated 

annealing algorithm to search for the disassembly sequence planning. However, these approaches have in 

common that they require the intervention of assembly planners to gather further information such as 

additional precedence relations of subassemblies. [19] Due to the increasing use of CAD systems, the 

extraction of information from CAD files to generate an assembly sequence emerged as a field of research. 

However, such approaches as those of Mathew et al. [23] are still characterized by manual efforts, e.g., in 

the form of manual labelling or quality problems of the results. To further reduce manual efforts Hadj et al. 

[24] developed an add-in for the CAD-software SolidWorks that is used in the design phase to increase the 

efficiency of product development processes by exclusively considering feasible assembly sequences. 

However, applicability in terms of consideration of other CAD software and convenience for users are not 

the focus of these approaches. Gulivindala et al. [25] concludes that the information distribution of assembly 
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sequences and the practical feasibility is not given. Based on these findings, a cloud-based solution for 

automatic disassembly planning with a genetic algorithm is developed, which results can be efficiently 

distributed to Internet of Things devices. However, since this research does not focus on the assembly 

sequence problem during the product development phase and the corresponding use for assembly planners, 

the previously mentioned problems of using different CAD software and the usability for assembly planners 

remain. It appears that so far no sufficiently practicable approach has been found that meets today's 

requirements for user-centeredness and system independence. To achieve practicability, the CAASP is based 

on a system-independent architecture without installation effort and an intuitive user interface.  

2.2 Theoretical approaches 

Currently, methods for generating assembly sequences can be mainly divided into two categories – 

mathematically based and artificial intelligence (AI) based. Mathematically based methods use diagrams, 

graphs, or matrices to generate assembly sequences, while AI methods are used to generate optimal assembly 

sequences. On the one hand, precedence diagrams [26,27]  and liaison diagrams [28,29] were originally used 

to describe part relationship in generating assembly sequences. However, those diagrams need to be 

generated manually. The manual work of creating the matrices was automatized. This was supported by use 

of CAD software, where part and assembly information is available in digitized data format. This provides 

foundation to automatically generate mathematical models and opens new era for assembly sequence 

planning. Gu and Yan present an approach that automatically disassembly sequences based on connectivity 

diagrams using CAD data from a feature-based data base [30].  Hadj et al. used mating data extraction and 

collision analysis to generate assembly sequences automatically, directly integrated in CAD software by 

using its application programming interface [19]. Although the manual effort could be reduced 

tremendously, mathematical methods can only generate feasible assembly sequences, it cannot generate 

optimal assembly sequences and lacks practical usage which hasn’t been tested on complex products.  

On the other hand, AI methods, e.g., genetic algorithm [22], neural networks [31], particle swarm 

optimization [32], artificial immune systems [33] have been used for automatic assembly sequence planning. 

Lu and Yang [34] used ant colony algorithm for ASP, but it needs human intervention as assembly task 

priority diagram needs to be generated manually. Huang and Xu  [6] combined mathematical methods with 

AI methods to use integrated disassembly interference matrix, connection matrix, integrated support matrix 

and Ant Colony Optimization (ACO) to solve assembly sequence problems. However, the matrices are 

generated manually and require human intervention. Pan et. al proposed an automatic way for assembly 

sequence planning which firstly introduced input as STEP CAD files [35]. The method extracts geometrical 

information for interference-free matrices which represents interference relationships between assembly 

components and then automatically generate assembly sequences with minimum number of assembly 

direction reorientations. However, it has only been tested for products with less than 5 components and for 

complex products with large number of components, the performance cannot be guaranteed.  

Although new ear of automatic assembly sequence planning method opens, fully automatic assembly 

sequence planning system with user interface which can be applied to complex products still needs to be 

developed. Therefore, in this paper, a fully automatic assembly sequence planning system which doesn’t 

need human intervention together with user interface is proposed to show the advance. It combines and 

adapts existing methods. The automatic assembly sequence planning system shall reduce manual work in 

assembly sequence planning, and the generated assembly sequence shall provide vast support to the 

industrial engineers for assembly planning work which in the end can save time and improve efficiency in a 

production environment.  
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3. Computer aided-assembly sequence planning (CAASP) system 

In the following, the CAASP system is described. It handles the flow of information starting from the user 

upload, see Figure 1. The relevant product data is extracted (phase 1), described in section 3.1. The 

geometrical constraints are modelled (phase 2) the optimal assembly sequence is generated (phase 3), 

described in section 3.2. Finally, the results are visualized to the user.  

 

Figure 1: CAASP system flow of information 

3.1 CAASP software system description 

The ASP methodology is embedded in the ASP algorithm in the CAASP system to facilitate the usage by 

the user, e.g. an industrial engineer. The process is shown in a system diagram in Figure 2, modelled in the 

Unified Modelling Language (UML) [36]. The user uploads a CAD file in a web-based and user-centred 

application. This file is stored in a database with file management capabilities, along with additional 

information such as the date the file was uploaded. The database assigns a task ID to this file which is used 

as a unique identification number for the backend. The middleware is a backend component which 

communicates between database and CAD software. The middleware automatically extracts additional data 

necessary for assembly sequence planning from the CAD file by connecting to CAD software using 

application programming interfaces (APIs). Hence, manual effort to collect necessary data for assembly 

sequence planning can be significantly reduced. The data extraction was developed for the common STEP 

format, the Standard for the Exchange of Product model data [37]. The STEP format opens the opportunity 

to use various CAD software for the data extraction purpose and thus realize an agnostic and vendor 

independent approach. After extraction the data is validated and stored in the database. The ASP algorithm 

accesses this data and generates an assembly sequence, see section 3.2. The results are stored in the database 

so that the optimal assembly sequence results can be accessed by continuous pull requests from the frontend 

and displayed in a practical way for the user, referred to as the component name. 

3.2 Assembly sequence planning methodology 

The detailed methodology, consisting of two phase is presented in Figure 3. The first phase is the modelling 

of the geometric constraints as input for the optimization. The CAD input data is enriched to derive 

geometrical constraints like spatial data, part relationships, and collision information. In the CAASP system, 

the liaison matrix is applied to analyse the connections (step 2.1), while the interference matrices are utilized 

to analyse the collisions between the parts CAD file (step 2.2), see Figure 3. The liaison matrix represents 

contact information between two parts in an assembly and is produced by examining the connections 

between every part in a file [23]. The connected parts have a value of '1', while '0' indicates no connection 

between two parts. An interference matrix is also produced from the assembly file using collision analysis 

[19]. The assembly parts that interfere with other parts along the +x, -x, +y, -y, +z, and -z axes are identified. 

The information along the six axes is stored in six different binary matrices with values ‘0’ and ‘1’ where '0' 

indicates that there is no collision and ‘1’ indicates collision [38]. Step 3.1 follows, which is the generation 

of assembly sequences. These are produced by generating a disassembly sequence, which is then reversed 

to produce an optimal assembly sequence. For more complex assemblies with sub-assemblies, optimal 

sequences are generated for each of the subassemblies, after which a sequence is generated for the entire 

assembly. 
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Figure 2: Frontend and backend of CAASP system 

The ASP problem is first converted into a graph with nodes and edges as mentioned in Figure 3, step 3.1. 

The nodes are created by combining a part number and potential orientations along the six axes. For example, 

part 1 would have the nodes (1, ‘+x’), (1, ‘-x’), (1, ‘+y’), (1, ‘-y’), (1, ‘+z’), and (1, ‘-z’) [39]. For the purpose 

of this research, minimal orientation change between parts has been identified as the primary requirement of 

an optimal assembly sequence. Each edge is initialized with a weight based on orientation change between 

two nodes that connect the edge. Angular changes of 0°, 90°, and 180° will results in a weight initialization 

of 1, 5, and 10 respectively. For example, an edge connecting (1, ‘+x’) and (4, ‘+x’) has a weight of 1, (1, 

‘+x’) and (4, ‘-y’) has a weight of 5, and (1, ‘+x’) and (4, ‘-x’) has a weight of 10. Since the ASP problem 

can be represented as a graph with nodes and edges, the ACO method can be utilized to obtain a solution. 

Based on the logic of the algorithm, pheromone levels between all nodes are initialized with a concentration 

level The potential starting points for a sequence are identified by searching for rows with all zeroes in the 

interference matrix (step 3.1). All zeroes in a row of a part implies that the part is not blocked by other parts 

during disassembly. The number of ants is initialized to the number of starting points, and the ants are 

randomly placed at these points.  

The following step is to identify the next feasible disassembly node for the ant. Out of the remaining 

components to be disassembled, parts that are not blocked by any of remaining components are selected 

using the interference matrix. The liaison matrix is then used to isolate parts from the selection that are in 

contact with the remaining components. If no parts are in contact, then the components chosen based on the 

interference matrix are directly utilized. Node selection from these potential nodes is done using the ACO 

probability formula as in [40]. The heuristic component in the algorithm becomes the weights, which are 

based on orientation initialized in the graph. Once the next part is selected based on the probability function, 

the algorithm checks if all the parts have been visited by each ant. If there are parts that still need to be visited 
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by each ant, the node selection process is repeated. When all the parts have been visited, the pheromone 

levels for each path is incremented using the pheromone updating formula [40]. Once all the ants have 

completed an iteration, the best sequence of the iteration is selected based on the least number of 

reorientations (step 3.2). Subsequently, the pheromone evaporation is performed on all the edges using the 

evaporation formula in [40]. If iterations are still to be completed, the entire process is repeated. The optimal 

sequence is selected based on the global pheromone levels after all the iterations have been completed.  

 

Figure 3: Detailed view of ASP methodology 

4. Validation 

The CAASP system is currently set up to automate the data processing between the user upload and the 

presentation of the result. To verify the practicability and accuracy of the methodology discussed, a 3D STEP 

file motor consisting of 15 components was chosen for validation [41] of the ASP methodology described 

in section 3.2. Figure 4 shows the CAD model, which represents a typical product in the Electronics 

Appliance Industry produced by contract manufacturers. The model contains 15 components that each have 

various contacts in the liaison matrix and multiple collisions along axes in the interference matrices. This 

model should ideally be assembled by dividing its components into two groups that are assembled along two 

different axes. Therefore, this motor model provides a relevant opportunity for the ASP methodology to 

optimize the assembly sequence by considering the minimization of component orientation changes during 

the assembly process. 

 

Figure 4: Labelled assembly sequence with directional axes (example) 
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The integrated system has been utilized to process a STEP file as input for the analysis. After the file is read, 

the system automatically calculates the liaison matrix, six collision matrices, and generates an optimal 

assembly sequence. The liaison matrix and collision matrix results are shown in Figure 5. Although there is 

one matrix for each of the 6 axes produced in the collision analysis results, only the +Z axis matrix is shown 

below for reference. The values in the first row and column ranging from 1 to 15 represent the components 

of the motor assembly, which can be referenced in the “Component Number” row of Table 1. The 

Component Number is used in this section for convenience of associating the values in the matrices with 

component numbers in the generated assembly sequence. 

 

Figure 5: Liaison matrix and one interference matrix in the +Z axis 

It should be mentioned that although every assembly sequence generated by CAASP system is mechanically 

feasible, a minor number of generated sequences is not practical since bolts or screws are chosen as the first 

component of the sequence. The focus of the following is on most sequences that are both feasible and 

practical. A noteworthy aspect to discuss is how the CAASP system created one group of components to be 

sequentially assembled in the +Z direction and one group of components to be sequentially assembled in the 

+Y direction, as shown in Table 1. Figure 4 provides a visual representation for the labelled assembly 

sequence of each component along the assembly axes (example result). The results shown represent one 

variation out of many similar, potential optimal assembly sequences. Since the ASP algorithm attempts to 

optimize the assembly sequence by minimizing assembly axis orientation changes, the assembly sequence 

first consists of components from the +Z group, followed by components from the +Y group, thus resulting 

in an assembly sequence with minimum orientation changes. Based on the optimization criteria, when 

comparing the algorithm-generated assembly sequence to the known optimum assembly sequence, it can be 

shown that both sequences achieve the same level of optimization from a feasibility and assembly orientation 

perspective. 

Table 1: Assembly Sequence Result (example) 

Category Output 

Assembly Sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Component Number 9 8 4 6 7 10 5 13 15 3 12 1 2 14 11 

Assembly Axis +Z +Z +Z +Z +Z +Z +Z +Z +Z +Z +Y +Y +Y +Y +Y 
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The total runtime for the entire calculation takes 5.3 minutes on average. It should be noted that the liaison 

matrix calculation and optimized assembly sequence planning only require 15 seconds in total to complete, 

while the remaining 95% of runtime is spent on collision analysis for calculation of the liaison matrices. This 

highlights the need for further optimizations in the collision analysis method in future works. 

5. Discussion and future work

The research work outlines a feasible solution for contract manufacturers to support the industrial engineers’ 

planning of assembly sequences. The solution fulfils user-centeredness by a web-based frontend. System 

dependencies are reduced by a backend architecture that can be deployed company-internally or cloud-based. 

CAASP supports STEP format to build a vendor-agnostic solution. The methodology automates the ASP of 

contract manufacturers with minimal human intervention. The validation of the methodology shows the 

feasibility of the approach exemplified in the ASP of an electronic motor. Presently, the limitations are seen 

in the execution of CAASP as a high amount of computation time is needed for analysing part collisions. In 

the electronic motor example, this leads to a calculation time of 5.3 minutes for 15 parts in the liaison 

matrices. The industrial applicability of the approach is restrained by using the minimal orientation change 

between parts as a solemn optimization criterion. In the electronic motor assembly, this can result in 

proposing feasible but impractical sequences (minor cases). For example, the plastic clip precedes the wire 

assembly – although feasible, it is not practicable in an actual industrial setting. Future research aims at 

increasing the practicability of CAASP. It shall handle various optimization criteria and algorithmic 

constraints common in the electronic appliance industry. The CAASP system will be applied to several 

product types, models, and variants to adjust the system for wide usage in the industry. Furthermore, 

application engineering shall be conducted for seamless integration into business processes and high 

compatibility with state-of-the-art software vendors. 
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Abstract 

Advancing digitalization and high computing power are drivers for the progressive use of machine learning 

(ML) methods on manufacturing data. Using ML for predictive quality control of product characteristics

contributes to preventing defects and streamlining future manufacturing processes. Challenging decisions

must be made before implementing ML applications. Production environments are dynamic systems whose

boundary conditions change continuously. Accordingly, it requires extensive feature engineering of the

volatile database to guarantee high generalizability of the prediction model. Thus, all following sections of

the ML pipeline can be optimized based on a cleaned database. Various ML methods such gradient boosting

methods have achieved promising results in industrial hydraulic use cases so far. For every prediction model

task, there is the challenge of making the right choice of which method is most appropriate and which

hyperparameters achieve the best predictions. The goal of this work is to develop a method for selecting the

best feature engineering methods and hyperparameter combination of a predictive model for a dataset with

temporal variability that treats both as equivalent parameters and optimizes them simultaneously. The

optimization is done via a workflow including a random search. By applying this method, a structured

procedure for achieving significant leaps in performance metrics in the prediction of hydraulic test steps of

directional valves is achieved.

Keywords 

Predictive Quality; Machine Learning; Quality Control; Feature Engineering; Decision Support Method 

1. Introduction

Rising computer capacities and increasing data availability are expanding the horizon for knowledge 

generation in production [1]. Politically and socially, increased requirements for sustainability and resource 

consumption are moving into the focus of companies [2]. More and more companies are perceiving 

digitization as an opportunity [3,4]. Advancing digitalization and high computing power are drivers for the 

progressive use of ML methods on production data. [5] One solution strategy for improving existing 

production systems is knowledge extraction from production data using ML [6]. Predictive quality describes 

the ability to make data-driven predictions of product- and process-related quality in the manufacture and 

use of physical products [7,8]. The use of ML for predictive quality control of product characteristics 

contributes to increasing the efficiency and sustainability of future manufacturing processes. [9] However, 

a success factor for a ML project is sufficient pre-sampling of production data concerning dynamically 

deviating boundary conditions during data generation and optimization of data quality. [10] The further 

sections of the ML pipeline can be optimized based on a cleaned database [11]. Various ML methods such 

as gradient boosting methods have so far achieved promising results in industrial hydraulic use cases [12]. 
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For each prediction model task, there is the challenge of making the right choice of which algorithm with 

corresponding hyperparameters (HP) and which method of feature engineering (FE) is most appropriate to 

achieve the best predictions. FE is essential to the ML pipeline, as the overall performance of the model is 

highly dependent on the available features and enables the incorporation of domain knowledge into the ML 

pipeline [13]. By generating high-quality features, the effectiveness of an ML pipeline can be increased 

many times over an identical pipeline without dedicated FE and increases the interpretability of the trained 

model [14].  

This work focuses on supervised learning, a subtype of ML in which the target values, so-called labels, of 

given data 𝓓 = {(𝑥𝑖, 𝑦𝑖) ∈ ℝ𝑑 ×ℝ} are known [15]. A ML model is fed with a training data set  𝓓𝑡𝑟𝑎𝑖𝑛 and

evaluated against the validation data set 𝓓𝑣𝑎𝑙𝑖𝑑, where 𝑥𝑖 is respectively the input with dimension d and 𝑦𝑖
is the target [16]. For the given dataset 𝓓, the goal is to find the algorithm Aj ∈  𝓐 from hypothesis space 𝒜 

with HP combination λj ∈ ∧ from HP space ∧ that achieves the highest accuracy under the premise of highest 

possible generalizability. The dataset 𝓓 is only an extract from the population, thus the model attempts to 

achieve the most accurate representation of the output for a given input by approximating a transfer 

function [16,17]. 

In this paper, a decision-support method is developed for selecting appropriate FE techniques while choosing 

the best HP combination of a predictive model for a dataset with temporal variability and validated on a real 

industrial value stream of directional control valves at Bosch Rexroth. By applying this method, structured 

guidance is given and the automation of manual efforts for achieving significant leaps in the performance 

metrics of an extreme gradient boosting (XGB) classifier is achieved. The method provides a qualitative 

evaluation of different FE techniques in hydraulic directional valve manufacturing and achieves significantly 

more accurate predictions than sequential pipeline optimization as shown in the experiment section. 

2. Related Work

The ML pipeline and the simultaneous selection of the prediction algorithm and HP are explained. The 

importance of Fs application in various hydraulic applications will be addressed. 

2.1 Combined Algorithm Selection and HP optimization problem 

Within the ML pipeline, the task blocks of data preparation, the FE, model generation and evaluation are run 

through sequentially [18]. HÜTTER ET AL. describe the problem of automatic optimization of ML pipelines, 

where the choice is made between the correct ML algorithms and corresponding categorical HP, as the 

combined algorithm selection and HP optimization problem (CASH), see equation (1). The loss function is 

minimized against all folds k of the cross-validation (CV) for the training data set 𝓓𝑡𝑟𝑎𝑖𝑛 with

𝓓𝑡𝑟𝑎𝑖𝑛
(𝑖)

=  𝓓/𝓓𝑣𝑎𝑙𝑖𝑑
(𝑖)

from all models considered to limit the effect of overfitting and increasing the 

generalizability [11]. 

𝑨𝜆∗
∗ ∈ argmin

𝐴j ∈ 𝒜,   𝜆j ∈ ∧

1

𝑘
∑ ℒ(𝑨𝜆

(𝑗)
, 𝓓𝑡𝑟𝑎𝑖𝑛

(𝑖)
, 𝓓𝑣𝑎𝑙𝑖𝑑

(𝑖)𝑘
𝑖=1 ) (1) 

ZÖLLER ET AL. extend the CASH problem to optimize the pipeline P ∈ 𝒫 with the pipeline structure 𝑔 ∈ 𝒢 

from a set of valid pipeline structures 𝒢, where |𝑔| is the length of the pipeline, see (2) [14].  

(𝑔, 𝑨, 𝛌)∗ ∈ argmin
𝐴j ∈ 𝒜|𝑔|,   𝜆j ∈ ∧

1

𝑘
∑ ℒ(𝑃

𝑔,𝑨,𝝀 ,𝓓𝑡𝑟𝑎𝑖𝑛
(𝑗) , 𝓓𝑣𝑎𝑙𝑖𝑑

(𝑖)𝑘
𝑖=1 )  (2)
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2.2 Feature Engineering & CASH Optimization Methods for Hydraulic Use Cases 

FE is about generating and selecting features from a given data set for the subsequent modelling step. FE 

can be split into three sub-tasks: feature extraction (FEX), feature construction (FC) and feature 

selection (FS) [19]. FS defines a subset of the feature set to speed up subsequent ML model training and 

improve its performance by removing redundant or misleading features. Simple domain-agnostic filtering 

approaches for FS are based on information theory and statistics. Methods such as univariate selection, 

variance threshold, feature importance, correlation matrices, or stability selection are integrated components 

of modern automated ML frameworks and are selected using standard CASH methods such as XGB 

algorithms [14]. Effective optimization approaches use random search or test the performance set 

exhaustively in a grid search also known as full factor design [16,20]. Advantages of random over grid search 

include easier parallelization and flexible resource allocation, since aborted iterations do not cause data holes 

and the combinations can be calculated independently [11]. Moreover, commonly used optimization 

methods contain reinforcement learning, evolution-based algorithm, and gradient descent, surrogate model-

based optimization [18,21].  

FS are using wrapper functions searches for the best feature subset by testing its performance on a given ML 

algorithm [19]. In heuristic approaches, individual features are added iteratively. Both forward and backward 

selection, as well as a combination of both, can be performed to select a subset of features. [18] In embedded 

methods, FS is directly integrated into the training process of an ML model. Many ML models, such as the 

Random Forest, provide some form of feature ranking that can be used. Similarly, embedded methods can 

be used in combination with FEX and FC [14]. Another optimization alternative is to use genetic 

programming in combination with prediction algorithms to identify a functioning feature subset [22]. TRAN 

ET AL. also used genetic programming to artificially construct novel features. In addition, information about 

how many times each feature was used during FC is reused to obtain feature importance [23]. KATZ ET AL. 

propose to compute meta-features for each novel feature, such as the diversity of values or the mutual 

information with the other features. Using a pre-trained classifier, the influence of a single feature can be 

predicted to select only promising features [24].  

The prediction of internal leakage using discrete quality data has not yet been considered in science. The 

following are similar hydraulic industrial use cases whose approach has been considered in this work. LEI 

ET AL. recommend the combined use of principal component analysis (PCA) for dimensionality reduction 

of timeseries data with the classification and regression trees, random forests, and XGB, respectively, for 

the fault diagnosis model of the hydraulic valve [25]. KLUSCH ET AL. propose various statistical signal 

preprocessing steps such as correlation analysis and exploit this statistical characteristic in the form of 

features in a linear discriminant analysis and a k-nearest neighbor classifier for timeseries fault 

prediction [26]. HELWIG ET AL. identify times of equal boundary conditions in the prediction of hydraulic 

leakage flows and consider them during cross-validation and vary the weighting of the data within different 

time intervals in timeseries data [27,28]. 

3. Use Case: Internal Leakage Flow of Directional Control Valves 

In this industrial use case at Bosch Rexroth, quality prediction of customer characteristics of directional 

control valves manufactured in Homburg is realized based on geometric gauge blocks from machining, 

mating data from assembly and hydraulic sensor data from end-of-line testing, shown in Figure 1. The target 

variable of this use case is the physically unavoidable internal leakage volume flow between spool and 

housing bore of a directional control valve [29]. The objective is subject to some uncertainty due to non-

measurable variables and manufacturing tolerances. Previous work has attempted to understand the variables 

affecting leakage primarily through CFD simulations [30]. 
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Figure 1: Value Chain of “Directional Control Valve” in Homburg. 

An increased leakage volume flow leads to an unintentionally faster lowering of the load and involves 

dangers for people and property, see Figure 2a. The upper limit of leakage is secured in one of over 60 test 

steps as a safety-critical product characteristic within the scope of the final hydraulic inspection. In Figure 

2b the 2-D view of the relevant valve area of the directional control valve is displayed. For the directional 

valve to function, the spool with different shoulders must be able to move within the housing bore, so that a 

ring gap between the bore and the spool, which is smaller than 20 micrometres, is inherent in the system, see 

Figure 2b [33]. The leakage measurement is carried out indirectly in the form of a pressure drop measurement 

at the pressure chamber of customer port A, which is reduced due to the leakage volume flow through the 

ring gap into the tank. 

 

Figure 2: (a) safety-critical customer characteristic; (b) leakage volume flow as a pressure drop measurement. 

4. Proposed Methodology & Experiments 

The decision support method for selecting appropriate FE techniques is presented, applied to the hydraulic 

use case and finally the output is compared to a default as well as a tuned baseline model. 

4.1 Decision Support Method for Selection of FE techniques & Pipeline Optimization 

The proposed method for optimizing the ML pipeline and selecting the best fitting FE techniques builds on 

the CASH problem description of ZÖLLER ET AL [14]. The model matrix ℳ forms the hypothesis space for 

the model candidates solving a prediction problem and consists of the three vectors each one for FE space ℰ, 

algorithm space 𝒜 and HP space ∧, see Figure 3 and (4). The HP selection λ
w
 and partially the FE selection 

𝑒
u
 is determined by the selection of the algorithm A

v
 since some algorithms will not run without appropriate 

FE. Thus, different types of algorithms require different numbers of FEs, so the matrix is the column 

dimension from the maximum of u, v, and w with u, v, w ∈ {1, 2, …, n}. The matrix is used to produce 

different combinations from the three vectors. Empty matrix cells contain a zero and are not considered as a 

combination. 
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Figure 3: Model Matrix of the Proposed Method for FE & Model Optimization. 

The workflow of the method provides guidance on the structured approach to pipeline optimization and a 

qualitative trade-off of different FE techniques, see Figure 4.  

 

Figure 4: Flow Chart of the Proposed Method for FE & Model Optimization. 

Various iteration loops illustrate the high combinability of the parameters. The random search is optimized 

with the given number of iterations. Based on a cleaned database, a random search is used to treat the FE 

techniques and the HP as equivalent optimization parameters. For the FE technique, this is partly achieved 

by providing a grid with Boolean data type. The inherent parameters of the FE techniques are treated as HP 

of the algorithms in the hypothesis space and are optimized according to the given grid. The procedure allows 

CV with k folds with different size as well for all combinations M∈ ℳ. For optimization, the loss function 

from equation (4) is minimized against the validation data 𝓓𝑣𝑎𝑙𝑖𝑑
(𝑖)

. 
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4.2 FE Space: Derivation of used FE Techniques 

Two core problems exist in the present production dataset: high dimensionality and high volatility over time. 

The production dataset consists of 11,652 data series with 1,052 features, which is a relatively unfavourable 

row-column ratio. The input features consist of geometric characteristics from machining, pairing 

information from assembly and sensor information from previous inspection steps. For this problem in a 

volatile high dimensional production data set, the XBG is a reasonable candidate of an algorithm [34]. The 

first task to be solved is the dimensionality reduction, see Figure 7. Preliminary studies have shown that 
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PCA is far superior to linear discriminant analysis just as forward selection is much better suited than 

backward selection for this data set. The final test data is composed as a matrix of the test steps (row-wise 

called PCA-A) and the sensors (column-wise called PCA-B). Second, the challenge of the changing 

boundary conditions of the production system manifest itself in value jumps in the data, as illustrated in 

Figure 5 for the scatter plots of two features. It is critical to recognize that the data jumps occur at different 

times for different feature columns. It is necessary to prevent the creation of new models each time the 

boundary condition changes, otherwise the amount of available data decreases drastically. Therefore, the 

change must be incorporated into the model by adjusting the same-sized fold CV. In future studies, 

identification with change point detection will be explored more intensively. 

 

Figure 5: Exemplary scatter plots of two features with significant value jumps. 

The 11 intervals with the same boundary conditions are indicated with the number of instances per interval, 

as shown in Figure 6. In this work, the interval-dependant timeseries 10-fold CV for each interval can be 

included in the presented workflow in Figure 4.  

 

Figure 6: Timeseries-10-Fold-CV for folds for each time interval of equal systemic boundary conditions. 

For the first interval, an 80/20 train-test split is performed. The following splits contain the previous splits 

and additionally the first half of the current split. The second half of the considered split is used as test data 

set. Within each interval, a 10-fold CV is performed and 𝓓𝑣𝑎𝑙𝑖𝑑
(𝑖)

 is created. To account for the temporal 
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variability of the data set, further weighting and consideration of different subsets are also applied using a 

window-based approach. More recent data points are weighted stronger within the loss function, applying 

exponential smoothing familiar from time series analysis and devaluing data points from earlier periods by 

a factor, using 𝛽 = (1 − 𝛽)𝑘 with 𝛽 ∈  {0,1} and 𝑘 = 0 for the current interval and 𝑘 = 1 for the following 

and so on, see Figure 7d. For the window-based approach, only the number n most recent data series 

backward to the prediction time are considered in the model to predict the state at the current prediction time, 

see Figure 7b. In addition, the data per interval are each transformed with centering and scaling, see 

Figure 7c. 

All in all, in the proposed method a forward selection, a PCA depending on each test step (PCA-A) or sensor 

(PCA-B) are given as input for a dimensionality reduction and further compared to no application of 

dimensionality reduction at all. To evaluate the predictive power of data in the near and distant past of the 

prediction state, different amounts of data are utilized as input and a pre-optimized weighting function is 

applied. This weighting function is randomly activated and deactivated in the method, see Figure 7d. In 

addition, the data for all intervals is transformed to a comparable level via scaling and centering, see 

Figure 7d. 

Figure 7: Qualitative Comparison of the FE techniques by Violin Plots. 

4.3 Application and Evaluation of the Decision Support Method 

A major strength of the presented method is the possibility of comparing several FE techniques while 

simultaneously applying and simultaneously optimizing the HP. Another advantage is the parallel 

calculation of the iterations within the method since the iterations are calculated independently. A suitable 
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plot to compare the FE methods is the violin plot including frequencies and boxplot of AUC for different FE 

techniques, see Figure 7. 

Thereby it turns out that the PCA-A with an AUC of 80 % produces the best candidate for the dimensionality 

reduction technique. Centering is the most effective technique for correcting the shift for this data set, as the 

best model shows the maximum AUC value of 80 % and averages 3 percentage points better than the variant 

with scaling. The weighting function should preferably be disabled in combination with listed FE techniques. 

Interesting to mention that the consideration of the last 3000 data series from the prediction time is not so 

much worse than the combination with consideration of the complete data set. 

The proposed decision support method for FE techniques is applied to the hydraulic use case and compared 

with two baseline approaches to evaluate the suitability of the method, see Table 1. Many binary 

classification algorithms calculate the classification boundary and classify according to whether the value is 

above a certain threshold or not. The AUC is the trade-off between true-positive rate and false-positive rate 

that applies to all possible thresholds, not just the threshold chosen by the modelling technique. Different 

classification goals may result in one point on the curve being better suited for one task than another for 

different task. Hence, looking at the AUC is one way to evaluate the model regardless of the choice of a 

threshold. The F1-score brings precision and recall harmonized and is therefore very suitable as an evaluation 

of unbalanced data sets. The first base model (A) was applied to the data set with standard HP and without 

FE techniques. The second base model (B) consists of matched HP and preselected FE techniques, each of 

which produced the best results when applied individually. The application of centering, a weighting 

function with beta 𝛽 =  0.8 and a PCA-B is performed for all data in model (B). The optimized model 

𝑴𝑒u , Av , λw

𝑜𝑝𝑡
 is the best candidate of the proposed method after 5000 iterations with described FE input in 4.2, 

tuned HP of an XGB classifier and classifier itself. Sequential pipeline optimization and combination of 

preselected methods show a large effect on F1-score and AUC for unseen data. However, the application of 

the proposed method shows a significant jump in terms of F1-score by 10.4 percentage points and on the 

AUC of 8.3 percentage points for the unseen data compared to the sequential optimization. 

Table 1: Comparison of different models for validation of the proposed method. 

Model type FE HP AUC 

Train 

AUC 

Test 

F1-Score 

Train 

F1-Score 

Test 

baseline model (A) no methods default 60,6 % 55,8 % 6.28 % 3.33 % 

baseline model with FE (B) pre-choice tuned 68,7 % 71,9 % 11.3 % 12.96 % 

optimized model 𝑴𝑒u , Av , λw

𝑜𝑝𝑡
 tuned tuned 99,9 % 80,2 % 24.78 % 23.36 % 

5. Conclusions and Future Work 

The proposed decision support method produces the best combination of FE techniques and tuned HP for 

the XGB classifier on the time volatile production data of the industrial use case for predicting the leakage 

volume flow of directional control valves and outperforms the sequential optimization by about 

10 percentage points in F1-score. From the qualitative review of various combinations of FE techniques, the 

combination of PCA-A, a data centring and a maximum window width with deactivated weighting emerged 

as the best FE combination. 

Future work will validate a generalized suitability of the decision support method by applying it to additional 

algorithms and data sets. In addition, the optimization of the developed model and its implementation in 

production will be investigated. Feature construction approaches will be pursued to improve the usefulness 

of the model for series implementation by incorporating more predictive information into designed features. 
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Abstract 

Key performance indicators (KPIs) are crucial for measuring and managing the performance of industrial 

processes. They are used to detect deviations in processes, enabling opportunities to improve manufacturing 

processes within the three dimensions time, quality, and cost.  

In this context, the timeliness of information plays a decisive role in the success of measures since delayed 

information availability can leave decision makers with no time to react. With the introduction of digitization 

and industry 4.0, increasing amounts of data become available. They can be used to accelerate problem 

detection and shortening reaction times to define appropriate actions.  

This paper presents a data-driven performance management approach integrated in digital shop floor 

management (dSFM). If a deviation is detected in one process, KPIs of subsequent processes (horizontal 

level) as well as subordinate levels (vertical level) are checked for correlations and, if present, the associated 

team is notified by an automatic warning through the dSFM system. Based on the identified correlations, the 

team discusses the deviations and defines suitable countermeasures. The aim of this approach is to identify 

deviations more quickly and to quantify their impacts, thus giving shop floor managers the ability to react in 

time.  

Keywords 

Shop floor management; Performance management; Key performance indicators; Data Mining; Machine 

Learning 

1. Introduction

Recent advances in digitization offer a high potential for companies operating in the manufacturing domain 

to reduce reaction time on business-relevant events like unplanned downtimes and quality issues [1]. 

Providing the right information to the right people at the right time in an efficient manner to empower them 

to make the right decisions and take the right course of actions is a significant difficulty for many producing 

organisations [2,3]. If this can be done in a timely fashion, the negative effects of deviations can be reduced 

and impacts on internal or even worse on external customers can be prevented [1].  

The methods of shop floor management (SFM) are widely used in industry to control and improve production 

processes on a daily basis [4]. One of the most important elements of SFM is performance management. To 

manage process performance, goals are set by the management and translated into trackable key performance 

indicators (KPIs) to identify deviations in processes [5]. These are then analysed in shop floor meetings and 

a problem-solving process is initiated if necessary. Improvements developed in the problem-solving process 

are stabilized and standardized to reach a continuous improvement of the production processes [6,7]. 

However, there are several shortcomings of performance management and its application in industry. 
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Hellebrandt et al. state that performance management is mainly used in middle and top management and 

KPIs on the shop floor are not connected to these higher levels [8,9]. Furthermore, KPIs on the lowest level 

are not connected to the individual worker, making it difficult to achieve a sense of responsibility by the 

employee towards the KPIs [10]. Moreover, due to the large number of KPIs often used, the complex 

interrelationships can no longer be intuitively understood and anticipated, resulting in a great demand for 

system-based decision support [11]. 

Therefore, this paper will present a new data-driven performance management approach in digital SFM 

(dSFM). The remainder of the paper is structured as follows: Chapter 2 provides the state of the art on SFM, 

performance management as well as recent advances. Chapter 3 introduces the model of latency to business-

relevant events and derives the goals and opportunities of a data-driven performance management approach. 

Following up, the data-driven approach is described in chapter 4. Finally, the paper closes with a conclusion 

and outlook for the next steps in the development. 

2. State of the art 

2.1 Shop floor management and performance management 

Hertle et al developed a model to describe the daily routine for a successful SFM (see Figure 1). Based on 

standardised processes, production goals are set by management. In step one, deviations from the set goals 

are identified with the help of target-actual comparisons of KPIs, andon or gemba walks. In step two, the 

deviations are discussed in daily shop floor meetings. The impact of the deviation is evaluated, and short-

term countermeasures are initiated. A decision is also made as to whether a systematic problem-solving 

process (SPSP) should be started. The SPSP is not part of the daily routine and runs separately. A PDCA 

cycle is used to track the progress of implementation. Step three of the SFM loop comprises the first two 

phases (Plan & Do) of the PDCA cycle. In the final step, the measures introduced are checked and tested for 

suitability so that they can be transferred to the standard in the event of a positive vote [5]. 

 

Figure 1: Shop floor management model [5] 

To implement KPIs there are two main prerequisites. Firstly, management must define targets for the 

production processes and, secondly, ensure multidimensional measurement of production performance 

(performance measurement) in order to be able to visualize the degree of target achievement [3,12]. If every 

target is linked to an improvement activity which supports the achievement of the long-term vision of the 

company, the approach is called Hoshin Kanri [13]. In this context a performance pyramid is often used for 

visualization (see Figure 2). Based on the corporate vision, strategic goals are derived for the three 
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performance levels of strategical management, tactical management, and operational level in the sense of a 

top-down approach. The achievement of the goals in the respective levels is determined by KPIs. The 

indicators are aggregated in a bottom-up approach so that causal relationships exist between the indicators 

of the different levels. [12,13] 

 

Figure 2: Performance pyramid for production, adapted from [14] 

2.2 Recent advances in shop floor management, performance management and problem solving 

With the introduction of digitization and industry 4.0, increasing amounts of data become available for 

processing and use in smart manufacturing systems [15]. Meissner et. al developed a target state for dSFM. 

They suggest using KPI data to forecast KPIs and predict trend impacts of upstream or downstream 

processes.. Then the information is visualized and managers of the process as well as downstream processes 

are warned. [16] By integrating machine and manufacturing data into the performance pyramid, KPI 

calculation can be automated [17] and generated real-time data enable further insights [18].  

The new possibilities in dSFM are not only viable for performance management but also translate to problem 

management. In classic problem management, the deviations in KPIs are presented to the 

employees/managers where they must make the decision how to handle the deviation. This can be 

categorized into three different levels of reaction: If the deviation is not impactful or even a false alarm it 

can be ignored. If the deviation has an impact on production performance and the root cause is clear 

immediate action should be taken to prevent further losses. Finally, if the deviation has an significant impact 

on target fulfilment and cause is unknown a systematic problem-solving process (SPSP) is used to find the 

right countermeasure. [19] 

However, classic detection mechanisms like KPIs are often only able to detect the symptoms of underlying 

problems. Remedying those symptoms is not sufficient to resolve the underlying problem and to find a 

sustainable solution [20]. Without a systematic approach to problem-solving, employees are tempted to 

hastily identify causes and introduce immediate measures. These are usually based on experience and 

feelings, but not on a sound analysis of the root cause of the problem at hand. German studies have shown 

that up to 60% of emerging problems are recurring [21], which indicates that it is rare that lessons are learned 

from past mistakes and the root cause of problems is sustainably eliminated [22]. Meissner et al. put in 

perspective that digitalization can enrich the information available for root-cause analysis. Furthermore, 

through algorithms root-causes as well as solutions for the problems can be proposed by the system to the 

employee. [23] To comprehend these complex relationships, data mining (DM) can be used as an analysis 

support [24]. In their literature review, Longard et. al show the potentials of using DM in SPSP. As problem 

solving requires a lot of experience and creativity, humans are superior to machines and computers in this 

field. Data can especially support hypothesis formulation and problem delimitation as well as analysis. In 

particular, correlation analyses between miscellaneous process parameters can provide valuable insights to 

support the interpretation of the results and prepare the creative work in finding solutions. [25] 
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3. Goals of a data-driven performance management 

Hackarthon developed a model for business intelligence that considers the different time elements between 

the occurrence of a business-relevant event and the initiation of remedial action (reaction time) that can be 

transferred to the domain of SFM. According to the model, the reaction time can be decomposed into data, 

analysis, and decision latency [26]. The longer the process takes from the occurrence of a business-relevant 

event, through detection and analysis, to the initiation and implementation of countermeasures, the more 

business value is lost (see Figure 3 - left). 

 

Figure 3: Deviation management in SFM – initial state versus target state, adapted from [1,26]  

The data or detection latency describes the delay between the occurrence of a fault and its capturing. In the 

classical sense, this is recognized in SFM by means of Gemba walks, the target-actual comparison of KPI or 

Andon signals triggered by employees as well as machines [5]. These simple methods are able to identify 

many process or product deviations in order to restore the desired condition. Nevertheless, valuable time is 

lost since these measures only have a delayed effect on the actual cause and are therefore considered reactive 

measures. Even though the automated calculation of KPIs is an important step towards reducing detection 

latency, the gap between the occurrence and detection of a business-relevant event can only be closed by 

connecting sensors that measure as close as possible to the actual root cause. The described relationships are 

shown in Figure 3. The use of automatically calculated KPIs and sensor data can lead to a reduction in the 

detection latency (shift upwards along the curve).  

Reducing detection latency to a minimum only has a positive effect if the decision-makers receive the 

relevant information in time [27]. Zur Mühlen et al. define the analysis latency as “[…] the delay between 

the storage of event information in a repository and the subsequent transformation of this event information 

into an analysable format, such as a notification, report, or indicator value.” [1]. This is where traditional 

SFM systems with their fixed communication cycles [7] and rudimental information (e.g. visualization of 

KPIs) [8] reach their limits and therefore have to be adjusted. It is particularly important to quantify impacts 

of deviations on subsequent processes as well as subordinate levels. Moreover, to exploit the full potential 

of the data, decision-makers must receive information on relevant events as quickly as possible and in a form 

that is easy to understand. Especially, when dealing with sensor data, without contextual information, it is 

almost impossible to evaluate a situation and draw the right conclusions [28]. In addition, the right amount 

of information has to be determined to not cause an information overload [3].  

After detecting (e.g. through anomaly detection on sensor data) and transforming the information into an 

analysable format, adequate remedial actions have to be initiated. Decisions must be made quickly, and the 
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decision latency must be kept as low as possible to minimize the impact on business value (see Figure 3). In 

contrast, the root cause of a problem and not just its symptoms should be addressed through SPSP to benefit 

in the long run. The use of immediate measures should therefore only be used for damage limitation and 

should not replace a SPSP. Both the selection of an immediate measure and the root cause analysis with the 

underlying cause-effect relationships require in-depth knowledge.  

In summary, to reduce the reaction time to business-critical events and minimize resulting value losses, a 

data-driven performance management approach in dSFM must address the following shortcomings of 

current approaches: 

− Goal 1: To be able to recognize deviations earlier, information must be available as quickly as 

possible. Data (especially from sensors) should be used to shorten the gap between occurrence and 

detection of business-relevant events.  

− Goal 2: Decision-makers should receive information on relevant events as quickly as possible in the 

right amount and quality.  

− Goal 3: To enable prioritization, the impact of deviations on subsequent processes or higher levels 

should be quantified.  

− Goal 4: Data should assist problem solvers in finding the root causes faster, thus shortening the 

decision latency. 

4. A data-driven performance management approach 

The developed approach aims to quantify the potential impact of business-critical deviations at the horizontal 

and vertical level, alert the associated operations managers, and give them time and information to define 

appropriate countermeasures. Here, the horizontal level refers to the value stream and attempts to quantify 

the effects of deviations on subsequent process steps. This is to enable the subsequent processes to react to 

the impending effects and to take appropriate measures. If a deviation is detected in one process, KPIs of 

subsequent processes are checked for (time-lagged) correlations and, if present, the associated team is 

notified by an automatic warning through the dSFM system. Based on the warnings, the team discusses the 

deviations and defines suitable countermeasures (see Figure 4 - left). In contrast, the vertical level describes 

the effects of a deviation in a process along the company hierarchy. If again a deviation is detected in one 

process, KPIs of higher-levels are checked for correlations and, if present, the ones responsible are notified 

(see Figure 4 - right). The objective is to quantify the impact of sub-areas at aggregate levels to inform 

higher-level managers when production goals are in jeopardy. This is intended to simplify the escalation 

process and give quantitative reference.  

 

Figure 4: A data-driven performance management approach 
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In comparison to traditional performance management approaches, which focus primarily on the vertical 

consistency of business goals using KPIs, this new approach is intended to form a KPI network that also 

considers horizontal dependencies to promote value-stream-wide collaboration. The fact that these KPIs 

represent all 3 dimensions - time, quality and costs - means that a targeted focus for improvement can be 

established. To implement this data-driven performance management approach, the three latencies (data, 

analysis & decision) are addressed in a targeted manner through the three phases of deviation detection, 

impact quantification as well as warning & impact assessment (see Figure 5). These will be discussed in the 

following. 

4.1 Deviation detection 

The starting point of the SFM control loop is the detection of deviations [16,23]. As described in Chapter 3, 

current approaches are not able to fulfil the requirement of using data to bridge the gap between the 

occurrence and detection of business-relevant events (Goal 1 + 4). For this reason, a three-level approach 

was defined that starts at a high level with anomalies in KPIs and gradually gets finer by incorporating their 

measurement elements up to machine/sensor level data (see Figure 5 – Deviation detection). From a technical 

point of view, the detection of deviations requires different methods and algorithms for each level. On the 

KPI-level a simple target-actual comparison realized by a corridor with upper and lower limit is sufficient 

to capture most of the relevant deviations. Since KPIs are often calculated from a large number of so-called 

measurement elements (e.g. good quantity, part quantity, actual unit processing times), a deviation detection 

only at KPI level would lead to a certain lack of clarity and make root cause analyses more difficult. 

Therefore, the next step is to look at this level. The time series of the measurement elements have similar 

properties to the KPIs with the difference that higher measurement frequencies are often available. This is 

due to the fact that KPIs are often formed only once per shift or day, but the underlying measurement 

elements are recorded more frequently and are thus available for analysis. In contrast to detecting KPI 

deviations, applying target-actual comparisons on the measuring elements is not applicable, since there are 

usually no specified targets for those. One way to solve this problem is to define dynamic target values (e.g. 

dependence on time and product). In addition, statistical process control and trend analysis, could provide 

valuable results.  

 

Figure 5: Model pipeline of data-driven performance management approach in dSFM 

With the integration of the sensor and machine data, the goal is to measure as close as possible to the root 

cause of a problem or deviation. The integration of new measuring points provides the possibility to get even 

closer to the process, which is not yet done today. To find anomalies in the high-frequency data of sensors 

or machines, it is recommended to use more sophisticated methods and algorithms. The rapid developments 
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in this direction in recent years have produced many such methods and algorithms. These include machine 

learning (ML) and artificial intelligence (AI) approaches like support vector machines [29] and neural 

networks [30] but also statistical approaches like ARMA or ARIMA [31] to name a few.  

4.2 Impact quantification 

The knowledge of the quantitative impact of deviations can only be generated from long-term data. This data 

must be pre-processed and transformed into stationary variables, to reduce the probability of encountering 

spurious correlations. In the next step, the relationships between the different KPIs are quantified via (time-

lagged) correlation analyses. The focus on time-lagged KPIs is due to the fact that it is precisely those 

impacts that are interesting from a management perspective, which have a time-lagged reaction and can thus 

be counteracted by an action (Goal 2 + 3). In addition, the direction of the correlation must be determined to 

be able to make a statement about positive or negative impact of the leading KPI on the lagging KPI. 

Thereby, the model must also reflect domain knowledge, since different KPIs have different optimization 

goals (e.g., maximizing OEE as opposed to minimizing scrap rates). In order to be able to capture the 

multitude of different correlations (e.g. linear, quadratic) between KPIs, more advanced methods must be 

used in addition to the standard correlation methods Pearson, Spearman, Kendall (only able to capture linear 

correlations). In the recent past, the Maximum Information Coefficient has stood out and will be taken into 

account in future studies [32]. After the maximum lagged correlation has been determined for each pair of 

KPIs, the determined offset must be checked for plausibility. For example, from a practical point of view, it 

may not make sense if the detected offset is larger than the lead time between the processes belonging to the 

KPIs. Afterwards, all detected correlations and their corresponding offsets are saved in a database.  

The final step of the impact quantification phase is to match detected anomalies with the detected 

correlations. If an anomaly is detected in a KPI, the database is searched and correlations belonging to the 

KPI are returned. If an anomaly is detected at the measuring element or sensor level, it is first checked (e.g. 

by correlation or regression analyses) whether this has an impact on the KPIs of the associated process (see 

Figure 5 – Deviation detection). If this can be confirmed, the procedure is the same as described above. 

4.3 Warning and impact assessment 

The next step is to notify those managers whose KPIs correlate with the anomalous KPI. To keep the latency 

as low as possible, it is advisable to send the warnings via mobile devices, emails or push messages in the 

dSFM. The criticality of the deviation should be used when choosing the communication medium. This can 

be determined by an interaction of the correlation coefficient, the temporal offset, possible effects on higher 

levels, and employee-defined intervention limits and assessments of past cases. To make the information 

processable for the employees, it must be prepared in a suitable form (Goal 2). This can be achieved both by 

the form of visualization and by context provided for the information [33]. This includes information on 

when the impact is likely to occur, which of the team´s own KPIs are affected, and which KPI (which team) 

is the cause of the deviation. In addition, context is also given to similar warnings that have occurred in the 

past. After that, the employees evaluate the warning based on the available information. In doing so, they 

are given the opportunity to evaluate the correlations recognized by the algorithm, for example, to hide 

spurious correlations for future warnings. In this way, the underlying model is continuously improved by the 

employee (active learning). Finally, a decision is made as to whether an action or SPSP should be initiated 

or whether the information should merely be noted and communicated to employees in the dSFM. 

5. Conclusion and outlook 

In this publication, a data-driven performance management approach for dSFM is presented, focusing on the 

three steps deviation detection, impact quantification and warning & impact assessment. The goal of the 
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approach is to significantly reduce the time between the occurrence of a business-relevant event and the 

initiation of remedial action to prevent the loss of business value. To achieve this, the concept of three 

latencies, data latency, analysis latency and decision latency was introduced and countermeasures for 

reduction were developed. At the core of the approach is anomaly detection at the KPI, measurement 

element, and sensor/machine level using ML and AI algorithms and quantifying the impact of these 

anomalies on downstream processes as well as higher hierarchical levels through correlation analyses.  

After the data-driven performance management approach in dSFM has been developed in this paper, a 

practical evaluation of the individual phases will be carried out in the future. To achieve this, a dSFM system 

available on the market will be further developed around the data-driven performance management approach 

and put into real use at a company from the process industry. In particular, it will be investigated which 

different correlation methods are suitable for quantifying the effects and how these correlations can be 

prefiltered automatically (e.g., from spurious correlations). To not only uncover that a relationship exists 

(correlation), but also to quantify the magnitude of that relationship, regression models for KPIs will be built 

in the future. Furthermore, from a research point of view, it will be interesting to see whether the described 

approach can increase production performance and what factor the integration of sensor and machine data 

plays. 
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Abstract 

Manufacturing companies tend to use standardized delivery times. The actual delivery times requested by 

the customers and the current capacity utilization of the production are often not taken into account. 

Therefore, such a simplification likely results in a reduction of the efficiency of the production. For example, 

it can lead to an obligation to use rush orders, an unrealistic calculation of inventories or an unnecessary 

exclusion of a Make-to-Order production. In the worst case, this results not only in an economically 

inadequate production, but also in a low achievement of logistic objectives and therefore in customer 

complaints. To avoid this, the delivery dates proposed to the customer must be realistic. Given the large 

number of customer orders, a wide range of products, varying order quantities and times, as well as various 

delivery times requested by customers, it is not economical to determine individual delivery dates manually. 

The ongoing digitalization and technological innovations offer new opportunities to support this task. In the 

literature, various approaches using machine learning methods for specific production planning and control 

tasks exist. As these methods are in general applicable for different tasks involving predictions, they can also 

assist during the determination of delivery dates. Therefore, this paper provides a comprehensive review of 

the state of the art regarding the use of machine learning approaches for the prediction of delivery dates. To 

identify research gaps the analyzed publications were differentiated according to several criteria, such as the 

overall objective and the applied methods. The majority of scientific publications addresses delivery dates 

only as a subordinate aspect while focusing on production planning and control tasks. Therefore, the 

interrelationships with several production planning and control tasks were considered during the analysis. 

Keywords 

Delivery Date; Production Planning And Control; Prediction; Machine Learning; Literature Review 

1. Introduction

The level of customer expectations regarding the logistic performance has strongly increased in the last 

decades. Nowadays, customers expect not only individual products with a high quality for low prices, but 

also short and especially reliable delivery times [1]. This results in major challenges for manufacturing 

companies. From an economical point of view, operating a finished goods store might not be beneficial due 

to the large number of products and product variants. Therefore, companies tend to use standard delivery 

times within an Assemble-to-Order or a Make-to-Order production [2]. This leads to a strong fluctuation of 

the capacity utilization and requires a high amount of effort for continuously adjusting the capacity. In 

addition, the requirements of customers can vary greatly. While in some cases the delivery should just be as 

fast as possible, others demand a specific time window for the delivery or even a just-in-time delivery.  
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Customers tend to buy more and in some cases are willing to pay a significantly higher price in case of short 

and reliable delivery times [3]. Therefore, in practice concepts such as rush orders or delivery time classes 

with corresponding price differences exist. In the literature, the focus lies on the design of the products and 

production processes. Even though many approaches such as product platforms exist [4], authors also 

highlight the importance of the negotiation process in supply chains [5]. As the price and the delivery date 

are stated to be the two most critical factors in various industries [6], the assignment of delivery dates has 

been addressed by some authors [7]. However, the majority of these approaches is based on numerous 

assumptions and has been published several decades ago. Therefore, they do not reflect the high dynamics 

of today's markets. To compete successfully, manufacturing companies need to predict their delivery dates 

continuously, quickly, and realistically. In this context customer heterogeneity provides a challenge but also 

offers opportunities [8]. Customers expect a fast estimation of the delivery date, especially if the delivery 

time and the price per unit can be negotiated [9] or if they need to be present in person to receive the delivery 

[10]. Looking at the large amount of customer orders and products combined with varying order quantities 

and times, predicting delivery dates manually is impossible from an economic point of view. The need of 

assistance can also be seen in the development of numerous decision support systems [11].  

Machine learning (ML) methods provide the possibility to process the necessary high amount of data and 

are generally suitable for applications involving predictions [12]. As data availability, consistency and 

integrity increase, the use of these methods to solve production planning and control (PPC) tasks is becoming 

increasingly popular [13] [14]. The aim is commonly to optimize a system with predefined delivery dates. 

This includes tasks like the order acceptance [15], order release [16], or sequencing [17]. All these tasks 

relate at least indirectly to the prediction of delivery dates. The throughput time is not only a main part of 

the delivery time, it also interacts with upstream decisions such as the selection of the order processing 

strategy [18]. Although many researchers have already addressed this topic and the use of ML in PPC in 

general, the need for research in this area remains. A recent study shows that about 75% of the possible 

research domains for ML in PPC have been examined only to a minor extent or not at all [19]. 

In this paper, a systematic literature review of ML approaches for the prediction of delivery dates is 

presented. The subsequent section outlines the applied procedure. This includes the research questions, the 

selection criteria, the quality assessment and the data analysis of the systematic literature review. The 

selected publications were differentiated and examined according to several criteria. The results of the 

analysis are presented and discussed in section three. Lastly, in section four a summary is given and research 

gaps are highlighted. 

2. Method and data 

The study aims for a comprehensive overview of the state of the art regarding the prediction of delivery dates 

and the identification of research gaps. A systematic literature research was conducted following the 

guidelines of Kitchenham [20]. In the following, the individual steps are outlined. 

2.1 Research questions 

The following research questions (RQ) were raised: 

 RQ1: What research topics are being addressed? 

 RQ2: Which use cases are being addressed? 

 RQ3: Which methods have been used? 

 RQ4: Do ML models outperform non-ML models? 

 RQ5: Which trends are recognizable? 

 RQ6: What are the limitations of current research? 
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RQ1 aims to identify interrelationships between the prediction of delivery dates and PPC tasks as well as 

upstream decisions and general aspects of production management. RQ2 focuses on how suitable the 

theoretical research results are for industrial practice and to what extent they have already been implemented. 

Answering RQ3 and RQ4 provides insights on the methods and helps to identify research gaps. Based on 

the results gained through RQ1 to RQ4, specific aspects are selected for a detailed analysis. To pinpoint the 

trends mentioned in RQ5, the timeline is examined with regards to certain innovations and changes, such as 

the introduction of the term industry 4.0 in 2011. RQ6 is directly related to all other research questions and 

thus calls for a critical review of the previous results. 

2.2 Search process and selection criteria 

The search was carried out using the databases Scopus and Web of Science. As these databases are known 

for their scientific relevance, they are widely used for literature reviews [21]. Regarding the disciplines of 

economics and engineering, they have numerous overlaps, but are not completely identical [22]. Figure 1 

gives an overview of the selection process for the systematic literature review containing the selection criteria 

as well as the results returned from the databases. 

Figure 1: Selection process during the systematic literature review 

The initial step was to search the term “delivery date” and its synonyms in the title, abstracts and keywords 

of the years 2002 to 2021. As stated above the delivery date and the throughput time are strongly related. 

Therefore, besides “due date” and “delivery time”, the terms “throughput time” and “lead time” were also 

considered to be synonyms. PPC tasks not directly related to the prediction of delivery dates, such as order 

acceptance, order release and scheduling, were not considered at this point as their interrelations were taken 

into account during the examination of the selected papers. A previously conducted study revealed a 

noticeable growth in scientific publications regarding the use of ML methods in PPC starting in 2007 [23]. 

To ensure the identification and evaluation of trends and at the same time enable a detailed and efficient 

analysis of the current state of the research on the prediction of delivery dates the final time horizon was set 

to be 20 years. As the term PPC as well as its current understanding were established around 40 years ago, 

e.g. by the PPC model of Hackstein in 1984 [24], analyzing a longer period does not seem to be suitable.

This is strengthened by authors suggesting the use of intelligent systems for planning production processes,

such as Mill and Spraggett in 1984 [25] or Yang et al. in 1992 [26].
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In the basic literature at this time the determination of due dates was focused on internal due dates as part of 

production scheduling [7] [27]. The delivery date was classified as an external factor as it is decided by the 

customer or by the sales department. 

The next step was to link the terms referring to prediction using ML methods. The Boolean AND as well as 

the Boolean OR were used to incorporate synonyms and alternative spellings. This resulted in the terms 

“machine learning”, “deep learning”, “neural network”, “artificial intelligence”, “data analytics” and “data 

mining”. Although these terms have different meanings, they are often used synonymously in practice [28]. 

To obtain high-quality publications and at the same time avoid the repetition of content the sources should 

be limited. It is common to select only articles from scholarly journals [29] and conference proceedings [30] 

as the majority of these have been peer-reviewed prior to publication [31]. To provide the basis for a detailed 

evaluation of the full papers the results were limited to papers written in English. Afterwards, all topics not 

related to production management were excluded as they may use the same terms in a different context. This 

was followed by the evaluation of the titles and abstracts regarding the content alignment. The databases 

were compared and duplicates as well as papers with no full text available were removed. Lastly, the full 

papers were evaluated regarding the content alignment and the quality assessment. Papers with a quality 

score of less than 5 were excluded from the study. 

2.3 Quality assessment and data analysis 

To ensure a high quality the relevance, credibility and rigorousness of the selected studies need to be checked 

[32]. The following ten quality assessment questions (QAQ) were applied [32] [33]:  

 QAQ1: Does the study report empirical research or is it a report based on the opinion of an expert? 

 QAQ2: Are the aims and the motivation of the research clearly defined? 

 QAQ3: Is the estimation context adequately described? 

 QAQ4: Are the methods well defined and deliberate? 

 QAQ5: Is the research design appropriate and justifiable? 

 QAQ6: Does the study contain a sufficient project data set? 

 QAQ7: Is the proposed method compared to other methods? 

 QAQ8: Are the findings of the study clearly stated and supported by reporting results? 

 QAQ9: Are the limitations of the study analyzed explicitly? 

 QAQ10: Does the study provide value for academia or industrial practice? 

The answers were scored as “No“ = 0, “Partial“ = 0.5 and “Yes” = 1. For each selected paper, data regarding 

the topic, e.g. title, key words, main area and related topics mentioned, the authors, the source, the study 

type, the methods used as well as the quality evaluation were extracted.  

3. Results 

The literature research resulted in 62 papers addressing the use of ML methods in the context of the 

prediction of delivery dates. 33 (53%) papers appeared in scientific journals, while 29 papers (47%) were 

published in conference proceedings. The papers were classified based on the five main categories:  

 negation processes  

 time periods 

 methods 

 data 

 PPC tasks 

Each paper could be assigned to several main and sub categories. 
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3.1 Topics and methods 

As high logistic performance is a relevant purchasing criteria for today’s customers, the adherence to 

delivery dates is a highly discussed topic in the literature. The complexity of related topics such as scheduling 

and routing is enhanced by the uncertainties in sales forecasting, production problems and delays in delivery 

existing in industrial practice. The delivery date is strongly influenced by these uncertainties. Nevertheless, 

the delivery date prediction is mainly considered to be a subordinate aspect of the logistic performance. 

Therefore, papers calculating due dates while mainly focusing on the optimization of a system, e.g. order 

release, scheduling or inventory management to minimize costs, were excluded from this study. In case the 

determination of specific time periods of orders was conducted to negotiate the delivery date with the 

customer the papers were considered relevant for the topic. Figure 2 shows the distribution of the papers 

regarding addressed time periods and PPC tasks (RQ1). 

Sorting the papers by the time period addressed revealed that the delivery time is mainly an important feature 

regarding last mile delivery, such as package delivery or shipment processes, and the negotiation processes 

between manufacturers, suppliers and customers. The prediction of the throughput time and its components 

processing time and inter-operation time are the main topic focused within the context of delivery dates. In 

addition, a few authors highlight unexpected delays, for example due to machine breakdowns and the related 

determination of safety times. The highly varying interest in time periods also reflects in considered 

interrelationships with related PPC tasks. The acceptance or rejection of an order depends on the negotiation 

process and its features such as the price per unit und the delivery time. Therefore the amount of papers 

dealing with the order acceptance is similar to the ones focusing directly on the delivery time. In a standard 

Make-to-Order production the lot size is equal to the size of the customer order and there is no semi-finished 

or finished goods store. Therefore, the PPC tasks lot sizing and inventory planning are not directly relevant 

for the determination of the delivery time. Nevertheless, they are a few times addressed in the context of the 

dispatch time as well as an influencing factor during scheduling. As the throughput time and its components 

are the mostly investigated topic, the directly related PPC tasks scheduling and capacity planning occur in 

various studies.  

 

Figure 2: Papers assigned by the addressed time period and the related production planning and control tasks 

The applied methods are as broad as the addressed time periods and PPC tasks (RQ3). They range from 

fundamental mathematical models to concepts based on a combination of different ML methods. Neural 

networks are the most used method as various versions of them appear in 45% of the papers. However, this 

high percentage can be explained by the fact that most of the authors present a comparison of several methods 

for a specific problem (79%) rather than a new universal approach (21%). In cases where ML methods were 

compared with conventional methods, they generally performed better (RQ4). However, most of the 

approaches considered only a few or even just one objective. 
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This can also be seen in the data sets (RQ2). Only one paper described a concept without proving it by a 

numerical example. About a third of the authors referred to simple virtual data sets for their proof of concept, 

while the rest used a case study showing the applicability of their approach in industrial practice (65%). 

Various industries are covered through logistic companies and suppliers, typical manufacturing companies, 

such as automotive manufacturers, shipyards or semiconductor manufacturers, and e-commerce platforms. 

3.2 Trends 

Figure 3 shows the annual number of publications for the years 2002 to 2021 using a bar chart (RQ5). 

Although some variations are evident, there is an overall increase in the number of publications during the 

examined period. Starting from 2014 a continuous growth is visible. This could be related to the introduction 

of the term “Industry 4.0” at the Hannover Fair in 2011 and with the increased use of ML methods such as 

"deep learning". 

Figure 3: Distribution of papers from 2002 to 2021 

The examination of the geographical distribution revealed that publications originated from a total of 24 

different countries. The five countries with the highest amount of papers are Taiwan (11 papers), China (10 

papers), Germany (9 papers), the United States (8 papers) and Austria (7 papers). This slight imbalance can 

be explained by authors presenting extensions of their own approaches and using the same data sets. 

The keywords were analyzed using the software VOSviewer [34]. The so-called visualization of similarities 

(VOS) maps can be used to represent relationships between objects in various ways. The strength of the 

linkage determines the location of the keywords within the VOS maps. The size of the points assigned to the 

keywords correlates with the number of occurrences of the respective keyword. A keyword was considered 

relevant to the topic if it appeared at least two times. This assumption resulted in one group containing 133 

connected keywords (Figure 4). The multiple cross-linking of the individual keywords highlights the strong 

connection between PPC, ML methods and the delivery time.  

Arranging the keywords by year, reveals a minor change in the terms over the time. Mathematical models 

and decision-making based on conventional rules tends to be replaced by ML methods. The focus seems to 

start shifting from the throughput time to a more universal view including smaller time periods like 

transitions times and travel times. As the increasing customer requirements regarding the logistic 

performance require the accurate prediction of delivery dates, forecasting delivery times draws attention 

towards the handling and the quality of data. 

0

2

4

6

8

10

12

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

N
u

m
b

er
 o

f 
p

a
p

er
s

Publication year

126



 

Figure 4: Results of the keyword analysis using VOSviewer 

4. Conclusions and outlook 

The increasing number of publications related to the prediction of delivery dates with ML methods in the 

last 20 years reflects the importance of this topic and the growing interest of academia and industry in it. In 

terms of content, the publications primarily focus on the throughput time. Nevertheless, a reorientation 

towards previously neglected time components of the delivery time is recognizable. This can be explained 

by the large number of already existing approaches concerning the determination of the throughput time and 

its optimization by scheduling as well as the progress made in the area of ML, and thus the simplified 

application to more complex problems.  

In summary, a strong interrelation between the determination of delivery dates, ML methods and PPC tasks 

is visible. There are various fields of application and the number of publications in this area will probably 

keep increasing in the next years as there is still a strong imbalance leaving a research gap. Detailed analysis 

of the different time periods related to the delivery time as well as a holistic model for the prediction of 

delivery dates is required. As an initial step towards such a model, various case studies are required. There 

is ongoing research with partners from industrial practice on process quality, pricing, sales planning and 

storage dimensioning. In addition, examining the various existing interrelations with PPC tasks as well as 

upstream strategic decisions such as the selection of the order processing strategy or the location of 

production sites and warehouses could provide interesting insights. To benefit the prediction of delivery 

dates appropriately additional research is required in the area of forecasting customer demand and behavior 

as well as regarding the options offered to customers upfront like rush orders. 
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Abstract 

The operation of CNC milling is expensive because of the cost-intensive use of cutting tools. The wear and 

tear of CNC tools influence the tool lifetime. Today’s machines are not capable of accurately estimating the 

tool abrasion during the machining process. Therefore, manufacturers rely on reactive maintenance, a tool 

change after breakage, or a preventive maintenance approach, a tool change according to predefined tool 

specifications. In either case, maintenance costs are high due to a loss of machine utilization or premature 

tool change. To find the optimal point of tool change, it is necessary to monitor CNC process parameters 

during machining and use advanced data analytics to predict the tool abrasion. However, data science 

expertise is limited in small-medium sized manufacturing companies. The long operating life of machines 

often does not justify investments in new machines before the end of operating life. The publication describes 

a cost-efficient approach to upgrade legacy CNC machines with a Tool Wear Prediction Upgrade Kit. A 

practical solution is presented with a holistic hardware/software setup, including edge device, and multiple 

sensors. The prediction of tool wear is based on machine learning. The user interface visualizes the machine 

condition for the maintenance personnel in the shop floor. The approach is conceptualized and discussed 

based on industry requirements. Future work is outlined. 

Keywords 

CNC milling; predictive maintenance; condition monitoring; Tool Condition Monitoring (TCM); tool wear 

prediction; industry 4.0 

1. Introduction

Milling is one of the most widespread manufacturing processes in the industry. A spindle motor rotates a 

multitooth tool to produce a variety of workpiece surfaces through Computerized Numerical Control (CNC) 

movements [1,2]. Forces and friction at the cutting tool are caused by high-power machining and the process-

related interruption of the cut for each cutting edge [1]. To control the overall product quality and operate at 

high performance, it is necessary to change tools frequently [3]. Tool maintenance accounts for 20% of 

machine downtime and 25% of total machining costs [4]. An unexpected one-day stoppage of a milling 

machine caused by a tool breakage could lead to costs of about 100,000 – 200,000 EUR [5]. Due to the 

necessity to operate at maximum yield, finding the optimal point of time for tool change is technically 

challenging [5], but critical for Overall Equipment Effectiveness. On one side, premature tool change leads 
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to efficiency losses. On the other side, tool wear leads to product quality loss, tool breakage and potential 

machine stoppage [6]. Tool condition monitoring promises to provide the necessary maintenance 

information by diagnosing the tool condition in real-time and thereby enabling the prediction and scheduling 

of tool changes [7,3]. In contrast to time-based maintenance strategies, the assessment is based on real-time 

collected sensor data in the process, instead of rigid intervals from tool suppliers or experience from 

maintenance technicians or operators [5]. Condition-based maintenance has been a topic in research for many 

years, but practical solutions are limited, as most approaches are theoretical, and implementations are 

conducted in laboratory environments [2]. Small and medium-sized enterprises (SME) especially struggle 

with the applicability because they often have deficits of experience, competence, and capital [8]. 

Commercially available off-the-shelve condition monitoring solutions are technically limited due to 

integration barriers, proprietary interfaces, software performance, flexibility issues, and high capital costs 

[2]. The machine park of SMEs is characterized by a variety of machines from different vendors which do 

not have appropriate sensing technologies for tool wear prediction and network connectivity available [9,10]. 

Required expertise in data science is rare [11]. Hence, practical approaches need to be developed that can be 

installed at various legacy machines. They shall be integrated into shop floor IT infrastructures and have an 

intuitive user interface. This research work conceptualizes a Tool Wear Prediction Upgrade Kit that can be 

applied to legacy CNC milling machines. Related work in tool wear measurement systems, tool wear 

prediction architectures, and Machine Learning (ML) is outlined (section 2). The system architecture and 

application methodology are described (section 3). The concept is discussed (section 4) and future work is 

concluded (section 5). 

2. Related work  

2.1 Tool wear measurement systems 

Tool wear occurs at the flank and chip side of cutting tools. On the flank side, friction between the tool and 

the surface of the workpiece results in tool flank wear. On the chip side, crater wear is caused by the 

movement of the chip on the tool. Among the two types, flank wear is considered the predominant evaluation 

index because of the effects on the workpiece quality and process reliability. [12] Tool wear can be measured 

using direct and indirect methods. Direct methods measure the tool wear using imaging devices, such as a 

microscope or a machine vision system [2]. This achieves high accuracy but causes machine downtime due 

to the measurement [13]. Indirect methods rely on sensor data of machining processes to estimate tool wear 

conditions. Signals relevant to tool wear in milling processes include cutting forces, acoustic emissions, 

vibrations, power consumption, temperature, and sounds [2]. A dynamometer can measure the tangential 

and axial cutting forces applied to the workpiece, which is highly relevant to tool wear, as the decrease of 

tool sharpness causes the increase of cutting forces [13]. However, the dynamometer has direct contact with 

the workpiece. Electric current sensors can be an alternative to dynamometers, as the increase of cutting 

forces causes an increase of motor current [14]. Acoustic emission sensors measure the strain wave inside 

the workpiece. Recent studies show that it provides the most effective information for tool flank wear 

prediction [13]. Accelerometers can measure the vibration of the spindle and the workpiece, as the decrease 

of tool sharpness causes an increase of vibrational energy [15]. Temperature sensors measure the heat 

generated during milling. On the one side, the milling process generates high temperatures. On the other 

side, high temperatures cause tool wear. It is shown that temperature and tool wear have a positive correlation 

[16]. However, temperature measurement is affected by lubrication [17], and thus is ineffective for practical 

application during machining. Microphones measure the sound generated during milling. Studies show that 

an increase of tool wear causes an increase of sound intensity [18]. Sound signals may face interference from 

other machine noises; thus, they have limited applicability in noisy shop floors. Besides the relevance of 

sensor signals, the installation of sensors should also be considered. The sensors should be close to the 

milling surface without interfering with the milling process. Spindle housing and workpiece fixtures are 

feasible positions for sensor installation [2]. Direct measurements are time-consuming, often requiring an 
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additional manual step and cannot run in parallel to machining processes [13]. Thus, the research work 

concentrates on indirect measurements instead of direct measurements. From literature, it can be derived 

that the indirect measurement of acoustic emissions, vibration sensors and electric motor current provide 

effective information for tool flank wear. The sensors can be mounted at CNC machines by a simple 

installation procedure and can be equipped on various machine types and vendors. Therefore, the Tool Wear 

Prediction Kit’s sensor system consists of acoustic emission, vibration, and electric motor current. An 

increase in accuracy is expected due to the combination of multiple sensor types for the tool wear estimation. 

2.2 IT architectures for tool wear prediction 

Two approaches of system architectures for estimating the tool wear of CNC milling machines are 

identified. The first approach includes data pre-processing, feature engineering, modeling, and evaluation 

of the ML algorithms [19–22]. It considers the development of algorithms but excludes the data acquisition, 

storage, implementation, and productive operation. Thus, it is only applicable in corporate practice if the 

associated infrastructure for data acquisition, storage, and result visualization is already in place. The second 

approach additionally includes data acquisition, storage, and visualization of predicted results. Based on 

Rastegari et al. [23], vibration sensors are mounted on the CNC machine’s spindle to measure its vibration 

when the spindle moves horizontally. The sensors are connected by cable to a measurement system unit and 

transformed into a digital signal. From the measurement system unit, the digitized sensor data is transferred 

to a database via 3G-Network. The stored data is collected and used for the training of the algorithms. 

Subsequently, the prediction results are visualized. Gouarir et al. [24] present an architecture based on an 

in-process prediction approach. A dynamometer is mounted to measure the cutting forces. The signal is 

amplified and sent to a data acquisition system via a cable. The data is stored in an experience database, 

which is used to train the prediction algorithms. The prediction results are then visualized in a human-

machine interface. The architectures of the second approach are based on individual and experimental setups 

and do not include the productive operation and scaling of the algorithms in corporate practice. Thus, tool 

wear prediction is still hardly used in corporate practice, although researchers constantly improve the 

required ML algorithms. Therefore, this paper describes a scalable, holistic architecture that takes the 

productive operation for multiple machines in corporate practice into account. An edge device running 

relevant software is used to facilitate applicability. The software design supports the scalability by using 

lightweight IoT protocols, databases, and device management. 

2.3 Machine learning algorithms for tool wear prediction 

The ML algorithms need to consider two aspects in predicting tool wear. The first aspect is data pre-

processing. Data pre-processing aims to extract representative features from the raw sensor data. Therefore, 

different sensor data may require different data pre-processing methods. The second aspect is modeling. 

Modeling aims to build a mathematical model to predict tool wear based on the input features. Thus, different 

input features may require differentmodeling methods. The recorded sensor data are time-series signals, and 

thus time-domain features can be extracted from the raw sensor data. Widely used time-domain features 

include the average value, the standard deviation value, the root mean square value, the kurtosis, and the 

skewness. For fast-fluctuating sensor data, such as vibration signals, there exists frequency information, and 

thus frequency-domain features can be extracted using Fourier transformation, such as the power spectrum 

and the spectral entropy. For non-stationary signals, the frequency spectrum may change over time. In this 

situation, it is suitable to extract time-frequency features from the raw sensor data, such as the wavelet 

transform features. [12] Besides extracting features from a single sensor, it is helpful to extract different 

features from multiple sensors [14]. Feature selection methods can be applied to keep the most useful features 

and remove useless features, such as principal component analysis, Pearson correlation analysis, and the 

monotonicity of the features [25,26]. After extracting representative features from the raw sensor data, a 

prediction model is trained to predict the tool wear. Widely used prediction models include support vector 

regression, fuzzy inference system, extreme learning machine, and artificial neural networks [13,27]. By 
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extracting the frequency spectrum of the raw sensor data, convolutional neural networks can be applied, and 

multiple sensor data can be fused into different channels of the convolutional neural network [28]. In order 

to extract the sequential information from the sensor data, recurrent neural networks with the long short-

term memory unit have been proven to outperform many traditional features for tool wear prediction [29]. 

In addition, 1D convolutional neural network can also extract sequential information [30].  

The prediction models are data-driven models, and thus highly depend on the quality of the collected data. 

Simple models, such as linear regression and support vector regression require fewer data but have lower 

fitting capability. Complex models, such as neural networks, have higher fitting capability but require more 

data. Particularly, determining the optimized network structure, e.g., the number of hidden neurons and 

hidden layers in a neural network, is challenging. The interpretability of data-driven models still need 

improvement. Thus, it is promising to combine data-driven models with traditional physical models to 

improve the reliability. [11] A variety of ML models for tool wear prediction have been investigated in 

research. It can be observed that the selection of the most accurate model with the best performance depends 

on the conditions of the environment-specific milling process. There exists no one common analysis 

framework [12]. Therefore, a methodology to select and set the ML model for the application of the system 

is required. 

2.4 Requirements 

Related publications investigate tool wear monitoring systems only partially. Despite reasonable 

advancements in literature, state-of-the-art solutions mostly focus on experimental machine setups and lack 

an application in industry. A holistic industry-oriented system is yet missing. Therefore, a Tool Wear 

Prediction Upgrade Kit for legacy CNC milling machines in an industrial setting is developed within this 

publication. The research work has the following requirements: 

a) Independence of CNC machine vendor: 

The Upgrade Kit shall reach a high degree of sovereignty from CNC vendors; among others, it must 

avoid using closed protocols or non-standard interfaces to legacy machines.  

b) Adaptability to company-specific CNC machines:  

The Upgrade Kit shall be adjustable to the various CNC machine environments in the industry.  

c) Practical deployment and system scalability: 

The hardware and software framework shall be established as a platform and can be deployed to multiple 

machines with minor adjustments in system settings or configurations. Practical and easy deployment 

shall reduce setup time and underline a wide use of the Upgrade Kit.  

d) Stable and industrial-grade system design:  

The Upgrade Kit shall be capable of operating continuously 24 hours daily without supervision. The 

hardware follows industrial standards for deploying in a factory environment. 

e) Easy usage by maintenance team: 

The Upgrade Kit shall be used easily by the maintenance team in order to improve daily operations. 

Remote monitoring capabilities shall reduce visual check-ins at CNC machines or with operators on-site.  

3. Tool Wear Prediction Upgrade Kit 

3.1 System description 

The architecture consists of the modules “User Interface”, “Software Hub” and “Machine Learning Model 

Tool Wear Prediction”, see Figure 1. The solution is executed on an edge device which enables low latency 

and fast data processing. The module “User Interface” provides components to depict live data and results 

from the tool wear prediction. The module “Software Hub” provides data collection, storage, processing, 

and device management components. The module “Machine Learning Model Tool Wear Prediction” can be 
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divided into the productive use of the model and the training of the model. It provides components to pre-

process the data, train algorithms and implement them for productive operation. 

 

Figure 1: System architecture 

As shown in Figure 2, an acoustic emission sensor, a vibration sensor, and a current sensor are used to enable 

data collection. Acoustic emission and vibration are measured for the spindle of a CNC machine. To process 

the sensor’s analogue signal, a data acquisition system (DAQ) is connected to the sensors. After the 

transformation of the analog signal, the data is sent to the edge device for temporary storage and potential 

pre-processing. Raw data or pre-processed data are further transmitted to a central server via Message 

Queuing Telemetry Transport protocol (MQTT). The communication is organized by an MQTT broker. 

Utilizing MQTT ensures flexibility, modularity, and ease of implementation. [31] To realize an efficient 

communication, Sensor Markup Language (SenML) data format is used [32]. The edge device is used for 

providing computational capabilities for pre-processing as well as model training and data storage. 

Therefore, the edge device provides an InfluxDB time-series database as well as a PostgreSQL relational 

database. The time-series database is utilized to store the measurements and tool wear prediction results. The 

relational database is utilized to store metadata about the machine and its attached sensors and data streams. 

Furthermore, a device management backend interface is used to expose an application programming 

interface (API) for managing machine metadata and logically associating sensors and data streams. The 

device management manipulates the relational database mentioned above. Containerizing the software 

modules via Docker enables flexibility, e. g., for running the pre-processing for multiple machines on one 

edge device per machine while running model inference on the core infrastructure and running device 

management and machine frontends in the cloud. Conversely, if there is only one machine connected to the 

system, all modules can run in a containerized architecture. 

 

Figure 2: Data flow for the tool wear prediction 

The module “Machine Learning Model Tool Wear Prediction” consists of ML data pre-processing and ML 

models’ training and inference. Since the time-domain sensor signal (acoustic emission, vibration, electric 
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motor current) can be well analyzed in the frequency domain and the frequency characteristic changes along 

time, time-frequency features can be extracted from the raw sensor signal during pre-processing. The 

extracted features are used as the input to the ML model for prediction purposes. Given the input sensor data, 

the ML model outputs the tool flank wear which is displayed on the user interface. The application of ML 

models to a CNC milling machine follows a parent-child methodology. The parent models are pre-trained 

models based on existing datasets or physical laws. The child models are obtained by further adjusting the 

parameters of the parent models using the sensor data collected from real-environment CNC machines. 

Therefore, the child models can be machine and environment-specific, which provide performance 

improvement over parent models.  

The adoption of the parent-child methodology requires two major steps. The first step is offline pre-training, 

and the second step is online fine-tuning. During the offline pre-training, state-of-the-art ML models are 

trained using existing data, such as public datasets. Suitable features and suitable models are selected based 

on their prediction accuracy. These pre-trained models are parent models. Recommended features are time-

frequency features, such as those based on wavelet transform and short-time Fourier transform. 

Recommended models include neural networks, such as multilayer perceptron, 1D convolutional neural 

network, and recurrent neural network. The parameters of a parent ML model are initialized randomly. Then, 

given the sensor data from existing datasets, the model outputs a predicted tool flank wear value. A loss 

function is used to measure the difference between the predicted value and the ground-truth value, to ensure 

the model parameters are updated towards the direction of minimizing such difference. After installing 

retrofitting sensors to CNC milling machines, real-time sensor data can be collected, and the online fine-

tuning starts. During the online fine-tuning, the parameters of the parent models are adjusted using the sensor 

data, yielding the child models. The child models require fewer training data as compared to the parent 

models. Nevertheless, when the system continuously collects sensor data, the child models can be 

continuously updated to improve performance. 

The prediction results are displayed on a dashboard, which enables remote monitoring of multiple machines. 

To handle large volumes of data and reduce network traffic, the mean data values are calculated and 

displayed. Figure 3 shows the design of the frontend for one machine (RN-C541). It comprises a dashboard 

to monitor the cutting tool of the machine connected to the edge device as well as the machine’s condition. 

Both real-time sensor data and real-time predicted tool flank wear are displayed. 

 

Figure 3: Design of the user interface 

3.2 System hardware  

Considering the effectiveness of different sensors for tool wear prediction, three types of sensors are selected: 

the AC current sensor, the vibration sensor, and the acoustic emission sensor. To collect the data accordingly, 

the current sensor should cover a range of 0 – 100 A. A frequency range of 0 – 20 kHz for the vibration 

sensor and 50 – 200 kHz for the acoustic emission sensor is required. The vibration sensor and acoustic 

emission sensor should be waterproof (Ingress Protection IP 68), as they are installed near the spindle and 
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the workpiece, where coolant exists. Based on these requirements, for vibration sensor, the PCB Piezotronics 

622B01 accelerometer has been selected, with a sensitivity of 100mV/g and a frequency range of 0.2Hz-

15kHz. The vibration sensor can be connected to the edge device through a USB signal conditioner. For 

acoustic emission sensor, Fujicera AE204SW has been selected, with a sensitivity of 66dB and a frequency 

range up to 200kHz. A DAQ board is needed to do signal amplification and A/D conversion. The current 

sensor is a 100A AC current probe. It shares the same DAQ board with the acoustic emission sensor. For 

edge device, Compulab Tensor-I20 Multi-IoT is selected, with Intel Xeon E-2276ML CPU, 16GB memory, 

and 1TB storage. It runs Linux operating system, supports RS232/RS485, CANBUS, GPIO, and USB3.1, 

which should be sufficient for on-site real-time data collection, processing, storage, and transmission. 

3.3 Upgrade Kit application methodology 

 

Figure 4: Upgrade Kit application methodology 

The application methodology of the Upgrade Kit to real-environment CNC milling machines includes 4 

steps. The first step is the deployment of the software on edge devices. The second step is the installation of 

retrofitting sensors on CNC machines and the communication between sensors and edge device. The third 

step is the selection of suitable feature extraction algorithms and suitable pre-trained ML models (i.e., parent 

models). The last step is the validation of the whole system and the continuous collection of data. An 

overview is given in Figure 4. In the first step, the designed software is deployed as Docker containers to the 

edge device for a specific CNC machine. Usually, one CNC machine is covered by one edge device, for on-

site data collection, storage, processing, and transmission. Nonetheless, adjacent CNC machines may also 

share the same edge device depending on the specific situation in the shopfloor. In the second step, selected 

retrofitting sensors, such as current sensor, vibration sensor, and acoustic emission sensor, are installed on 

the CNC machine. The current probe is clamped on the spindle motor current cable; the acoustic emission 

sensor is installed on the spindle using a magnetic holder; the vibration sensor requires a screw mounting 

pad and a clamping fixture. Sensor data are transmitted to the edge device via cables. Data is stored locally 

and transmitted to the frontend for remote monitoring. The sensor data can be stored on a remote server for 

long-term recording purposes. In the third step, a default set of features and pre-trained parent ML models 

are selected. It is optional that the operator selects suitable features and models manually. After determining 

the features and parent models, real-time data collection can be started. The pre-trained parent models can 

be directly used to predict tool flank wear values. If newly collected sensor data are paired up with measured 

tool flank wear values, they can be used to adjust the parameters of the parent model, yielding a child model. 

In the last step, the whole system is tested for robustness and functionality in a long-term run, such as the 

integrity of data, the transmission efficiency of data, the proper functioning of the backend (e.g., database) 

and the frontend (e.g., dashboard). A feedback mechanism is adopted, through which the operator can 

manually correct the prediction by changing some parameters, such as the offset value. 
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4. Discussion of the solution

The solution is evaluated in regards to the requirements in section 2.4. The independence of CNC machine 

vendors (req. a) is achieved by the indirect sensor measurement of the tool wear. Thereby, no interface or 

API to machine-specific hardware or software is necessary. All hardware and software components are part 

of the system; thus, a vendor-agnostic approach is realized. The adaptability to company-specific CNC 

machines (req. b) is achieved by the flexibility of retrofitting sensors and the adaptability of ML models. On 

the one hand, suitable sensors can be chosen according to specific requirements or necessities of different 

CNC machines. On the other hand, the parent-child methodology enables further adjusting the parameters 

of pre-trained parent models to produce the machine-specific child models, using real-time collected 

machine-specific sensor data. The child models shall provide performance improvements. 

The easy deployment (req. c) is realized by the containerized deployment strategy, which avoids 

cumbersome environment settings on different operating systems and enables easy transferring to multiple 

machines. The high scalability is achieved by using lightweight IoT protocols, such as MQTT. IoT setups at 

scale are mainly limited by the available data transmission rate of the utilized network as well as the 

computational power and storage capacity of the IoT devices. On using MQTT, a publish-subscribe 

architecture is established, which requires fewer resources for data transmission and makes better use of the 

network bandwidth.   

The system is designed for industrial usage (req. d), by the adoption of industrial-grade sensors and edge 

device, which support 24-hour continuous operation. It is also designed to be operator-friendly (req. e), by 

the adoption of remote monitoring. A dashboard continuously displays real-time sensor data and the 

predicted tool wear. Data are stored locally in the edge device, which can be retrieved for further analysis. 

5. Conclusion and future work

The research work outlines a tool wear prediction Upgrade Kit for CNC machines. The system architecture 

is independent of machine type and vendor. The industrial applicability of the system is reached by 

industrial-grade edge devices that can be deployed as an addon to legacy machines on the shop floor. The 

combination of multiple sensors, e.g., electric current, vibration, and acoustic emission for monitoring the 

machining process, increases prediction accuracy. The scalability of the approach is supported by lightweight 

IoT protocols and a containerized IT framework, including a backend for data storage and a frontend for 

data visualization. The adaptability of the approach is achieved by the flexibility in sensor selection and the 

adjustability of pre-trained ML models. An application methodology is outlined, which enables the 

application of the Upgrade Kit in diverse industry environments. In the next step, the system will be validated 

in an industrial environment. Preliminary experiments using an open-source data set [33] show that 

combining features from multiple sensors outperforms single-sensor features. Therefore, a multi-sensor 

setup is recommended. In addition, neural networks give better performance than traditional models, such 

as linear regression and support vector regression. A variety of neural architectures will be included. A 

feedback mechanism will also be enabled, allowing manual correction on unsatisfactory predictions and 

manual adjustment on ML model parameters. Data augmentation techniques shall be investigated to reduce 

the required amount of machine-specific training data.  

Acknowledgements 

Our research is funded by AIR@InnoHK research cluster of the Innovation and Technology Commission 

(ITC) of the HKSAR Government. The results presented in this paper within the scope of the research project 

‘Machine Learning on Demand for Production Assets’ has come to a successful completion because of the 

support from ITC. We would like to express our sincere gratitude to them.  

138



The authors want to thank Mansi Patil, Michael Maasem, Peter Gschladt and Marcus Meeßen for their 

meaningful contribution to the concept and implementation of the solution. 

References 

[1] Klocke, F., 2018. Verfahren mit rotatorischer Hauptbewegung, in: Klocke, F. (Ed.), Fertigungsverfahren 1.

Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 525–601.

[2] Wong, S.Y., Chuah, J.H., Yap, H.J., 2020. Technical data-driven tool condition monitoring challenges for CNC

milling: a review. The International Journal of Advanced Manufacturing Technology 107 (11-12), 4837–4857.

[3] Goyal, D., Pabla, B.S., 2015. Condition based maintenance of machine tools—A review. CIRP Journal of

Manufacturing Science and Technology 10, 24–35.

[4] Ghosh, S., Kumar Naskar, S., Kumar Mandal, N., 2018. Estimation of residual life of a cutting tool used in a

machining process. MATEC Web Conf. 192 (11), 1017.

[5] Peng, Y., Dong, M., Zuo, M.J., 2010. Current status of machine prognostics in condition-based maintenance: a

review. The International Journal of Advanced Manufacturing Technology 50 (1-4), 297–313.

[6] Brecher, C., Weck, M., 2021. Prozessüberwachung, in: Brecher, C., Weck, M. (Eds.), Werkzeugmaschinen

Fertigungssysteme 3, 9. ed. Springer, Berlin, pp. 193–280.

[7] Benker, M., Furtner, L., Semm, T., Zaeh, M.F., 2021. Utilizing uncertainty information in remaining useful life

estimation via Bayesian neural networks and Hamiltonian Monte Carlo. Journal of Manufacturing Systems 61,

799–807.

[8] Welte, R., Estler, M., Lucke, D., 2020. A Method for Implementation of Machine Learning Solutions for

Predictive Maintenance in Small and Medium Sized Enterprises. Procedia CIRP 93, 909–914.

[9] Hesser, D.F., Markert, B., 2019. Tool wear monitoring of a retrofitted CNC milling machine using artificial

neural networks. Manufacturing Letters 19, 1–4.

[10] Lins, R.G., Guerreiro, B., Schmitt, R., Sun, J., Corazzim, M., Silva, F.R., 2017. A novel methodology for

retrofitting CNC machines based on the context of industry 4.0: ISSE 2017 Symposium Proceedings. IEEE,

6 pp.

[11] Niemeyer, C.L., Gehrke, I., Müller, K., Küsters, D., Gries, T., 2020. Getting Small Medium Enterprises started

on Industry 4.0 using retrofitting solutions. Procedia Manufacturing 45, 208–214.

[12] Sayyad, S., Kumar, S., Bongale, A., Kamat, P., Patil, S., Kotecha, K., 2021. Data-Driven RUL Estimation for

Milling Process: Sensors, Algorithms, Datasets, and Future Directions. IEEE Access 9, 110255–110286.

[13] Kuntoğlu, M., Aslan, A., Pimenov, D.Y., Usca, Ü.A., Salur, E., Gupta, M.K., Mikolajczyk, T., Giasin, K.,

Kapłonek, W., Sharma, S., 2020. A Review of Indirect Tool Condition Monitoring Systems and Decision-

Making Methods in Turning: Critical Analysis and Trends. Sensors 21 (1).

[14] Zhou, Y., Xue, W., 2018. A Multisensor Fusion Method for Tool Condition Monitoring in Milling. Sensors 18

(11).

[15] Scheffer, C., Kratz, H., Heyns, P.S., Klocke, F., 2003. Development of a tool wear-monitoring system for hard

turning. International Journal of Machine Tools and Manufacture 43 (10), 973–985.

[16] El Hakim, M.A., Shalaby, M.A., Veldhuis, S.C., Dosbaeva, G.K., 2015. Effect of secondary hardening on cutting

forces, cutting temperature, and tool wear in hard turning of high alloy tool steels. Measurement 65, 233–238.

[17] Sasahara, H., Satake, K., Takahashi, W., Goto, M., Yamamoto, H., 2017. The effect of oil mist supply on cutting

point temperature and tool wear in driven rotary cutting. Precision Engineering 48, 158–163.

[18] Kopač, J., Šali, S., 2001. Tool wear monitoring during the turning process. Journal of Materials Processing

Technology 113 (1-3), 312–316.

[19] Kong, D., Chen, Y., Li, N., 2018. Gaussian process regression for tool wear prediction. Mechanical Systems

and Signal Processing 104, 556–574.

[20] Luo, B., Wang, H., Liu, H., Li, B., Peng, F., 2019. Early Fault Detection of Machine Tools Based on Deep

Learning and Dynamic Identification. IEEE Trans. Ind. Electron. 66 (1), 509–518.

[21] Shi, C., Luo, B., He, S., Li, K., Liu, H., Li, B., 2020. Tool Wear Prediction via Multidimensional Stacked Sparse

Autoencoders With Feature Fusion. IEEE Trans. Ind. Inf. 16 (8), 5150–5159.

139



[22] Traini, E., Bruno, G., D’Antonio, G., Lombardi, F., 2019. Machine Learning Framework for Predictive

Maintenance in Milling. IFAC-PapersOnLine 52 (13), 177–182.

[23] Rastegari, A., Archenti, A., Mobin, M. Condition based maintenance of machine tools: Vibration monitoring of

spindle units, in: 2017 Annual Reliability and Maintainability Symposium (RAMS). IEEE, pp. 1–6.

[24] Gouarir, A., Martínez-Arellano, G., Terrazas, G., Benardos, P., Ratchev, S., 2018. In-process Tool Wear

Prediction System Based on Machine Learning Techniques and Force Analysis. Procedia CIRP 77, 501–504.

[25] Cheng, W.-N., Cheng, C.-C., Lei, Y.-H., Tsai, P.-C., 2020. Feature selection for predicting tool wear of machine

tools. The International Journal of Advanced Manufacturing Technology 111 (5-6), 1483–1501.

[26] Traini, E., Bruno, G., Lombardi, F., 2021. Tool condition monitoring framework for predictive maintenance: a

case study on milling process. International Journal of Production Research 59 (23), 7179–7193.

[27] Zhou, Y., Sun, W., 2020. Tool Wear Condition Monitoring in Milling Process Based on Current Sensors. IEEE

Access 8, 95491–95502.

[28] Xu, W., Miao, H., Zhao, Z., Liu, J., Sun, C., Yan, R., 2021. Multi-Scale Convolutional Gated Recurrent Unit

Networks for Tool Wear Prediction in Smart Manufacturing. Chin. J. Mech. Eng. 34 (1).

[29] Cai, W., Zhang, W., Hu, X., Liu, Y., 2020. A hybrid information model based on long short-term memory

network for tool condition monitoring. Journal of Intelligent Manufacturing 31 (6), 1497–1510.

[30] Huang, P.-M., Lee, C.-H., 2021. Estimation of Tool Wear and Surface Roughness Development Using Deep

Learning and Sensors Fusion. Sensors 21 (16).

[31] Bank, A., Briggs, E., Borgendale, K., Gupta, R., 2019. MQTT Version 5.0. https://mqtt.org/mqtt-specification/.

[32] Jennings, C., Shelby, Z., Arkko, J., Keranen, A., Bormann, C., 2018. Sensor Measurement Lists (SenML)-RFC

8428. RFC Editor.

[33] Agogino, A., Goebel, K., 2007. Milling Data Set. https://ti.arc.nasa.gov/tech/dash/groups/pcoe/prognostic-data-

repository/.

Biography 

Yuechi Jiang received his Ph.D. Degree in Electronic and Information Engineering from Hong Kong 

Polytechnic University in 2021. He is currently a Postdoctoral Researcher at FLAIR, working on data 

science. 

Benny Drescher serves as Chief Technical Officer at FLAIR and Director Technology at INC, Hong Kong, 

SAR China. He holds a B.Sc./M.Sc. in Electrical Engineering and a Ph.D. (Dr.-Ing.) in Mechanical 

Engineering from Technical University of Munich, Germany. 

Max Wittstamm received his M.Sc. Degree in Production Engineering at RWTH Aachen University. 

Currently, he is a Product Owner at FLAIR, working on the transfer of AI to production. 

Cuihong Hu received her M.Sc. Degree in Biomedical Engineering from Xi’an Jiaotong University. She is 

currently a Senior Software Developer at FLAIR, working on architecture design. 

Florian Clemens received his M.Sc. Degree in Industrial Engineering at University Paderborn. He is a 

Researcher at FIR since 2019 in the department Information Management, working on the transfer of AI to 

production. 

Weimin Wang received the Ph.D. Degree in Mechanical Manufacture and Automation from the South 

China University of Technology. He works on AI applications in Electrical and Mechanical Automation. 

Prof. Dr.-Ing. Volker Stich has been CEO of the FIR since 1997. Prof. Dr.-Ing. Volker Stich worked for 

10 years for the St. Gobain-Automotive Group and led the management of European plant logistics. In 

addition, he was responsible for the worldwide coordination of future vehicle development projects. 

140



CONFERENCE ON PRODUCTION SYSTEMS AND LOGISTICS 

CPSL 2022 

__________________________________________________________________________________ 

DOI: https://doi.org/10.15488/12182

3rd Conference on Production Systems and Logistics 

Designing A Blockchain-Based Digital Twin For Cyber-Physical 

Production Systems 

Larissa Krämer1, Nick Große2,  

Rico Ahlbäumer1, Patrick Stuckmann-Blumenstein2,

Michael Henke2, Michael ten Hompel1

1Chair of Material Handling and Warehousing, TU Dortmund University, Germany 
2Chair of Enterprise Logistics, TU Dortmund University, Germany 

Abstract 

Trust in all processes on the shopfloor is crucial for the success of a production process, especially in cross-

company scenarios such as shared manufacturing, in which independent parties interact with each other. A 

cyber-physical production system (CPPS) contributes to the vision of a decentralized, self-configuring and 

flexible production. Digital twins (DTs) can visualize the material, information and financial flows in real-

time and improve the process transparency of such production systems. The efficiency of digital twins 

depends on the integrity of the provided data, especially if data is shared across company borders. Due to its 

characteristics such as immutability and transparency, blockchain technology (BCT) provides a basis for 

establishing the desired trust in the systems on the shopfloor. This paper proposes the design of a BCT-based 

DT in CPPS. The design is demonstrated by a prototype including smart contracts attached to a CPPS 

simulation model visualizing the information and material flow. Tasks are decentrally allocated, deployed 

and safely documented via blockchain. The demonstrator is revealing supplementary benefits in terms of 

transparency provided by the BCT. This paper further examines whether BCT can enrich existing solutions 

and provide a reliable information basis for profound data and process analysis.  

Keywords 

Cyber-Physical Production System; Blockchain; Negotiation; Digital Twin; Manufacturing; Transaction 

1. Introduction

Cyber-physical systems (CPS) are the result of merging virtual and physical entities, whose interplay is 

enabled by embedded hard- and software attached to its respective physical counterpart [1]. Transferred to 

the shopfloor, cyber-physical production systems (CPPS) are a promising approach to fulfill the vision of a 

smart factory [1], which is realized through the interplay of CPS and so-called digital twins (DTs) [2]. 

However, the visibility enabled by DTs is impeded by restricted data accessibility or lack of data collections 

[3]. 

Due to its potential of ‘provid[ing] validated, immutable transactions, i.e. database updates […]’ [4, p.1546], 

blockchain technology (BCT) is herein considered. The interplay of its inherent consensus mechanism, 

cryptographic protocol and distributed storage lays the ground for an immutable and transparent data storage 

to achieve data and process integrity [4–7]. Blockchain itself can be adopted for ‘redesign[ing] informational 

and financial flows, both of which supplement physical flows in a supply chain’ [8, p.10]. 
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A BCT-based DT promises a reliable real-time visualization of these flows for CPPS. Against that backdrop, 

the underlying research question is how to design a BCT-based DT for CPPS. For doing this, a methodology 

for conducting and carrying out Design Science Research (DSR) proposed by [9] is applied here. Our 

contribution is structured as follows: 

− Introducing the addressed problem and objectives (chapter 1)

− Deriving the state of the art of DT, BCT, CPPS and its intersections (chapter 2)

− Designing a BCT-based DT for CPPS (chapter 3)

− Demonstrating and evaluating the prototype (chapter 4)

− Communicating design implications (chapter 5)

2. State of The Art: Conjunction of CPPS, Digital Twin and Blockchain Technology

The starting point for the design process is the derivation of design knowledge about the three investigation 

units CPPS, DT and BCT. In each subsection, the investigation unit is introduced, followed by a summary 

of previous research dealing with the intersection with the other two units. The findings form the design 

knowledge for the subsequent designing process (chapter 3). 

Cyber-Physical Production System (CPPS) 

Increasing product variety and new technological developments have inpired the idea of CPPS that allow for 

automated, flexible and self-configuring production [10]. However, autonomous, decentrally organized 

CPPS have to deal with high levels of complexity and much uncertainty regarding cross-company 

interactions as well as issues with data security and robustness against failures [11]. 

In a CPPS, heterogeneous entities such as mobile robots, smart bins and machines interact with each other. 

These entities do not necessarily belong to the manufacturer, but can be provided by several independent 

parties such as vendors or lessors [12]. Transparency with regard to process data (e.g. usage data) is 

mandatory for a smooth collaboration and reduced coordination effort in terms of payment. Furthermore, as 

the entities utilize different software, universal interfaces are necessary to ensure a comprehensive and 

transparent overview across all processes [13]. However, conversing between different interfaces is prone 

to errors, which could cause loss of information. Besides, unauthorized devices with reading and writing 

rights could manipulate data such as order data. Without precise, secure and tamper-proof documentation 

these failures and manipulations affect the transparency of the CPPS for the involved parties [14]. 

Additionally, third parties such as customers and suppliers call for transparency about the progress of an 

order or the status of the warehouse for procurement. Trust in the manufacturing process determined by 

correct and sufficient quality control and punctual delivery is important for a successful customer loyalty 

[15]. Thus, a lack of transparency can result in inefficient procurement processes and dissatisfied customers 

[16]. It leads to a higher amount of overhead as costs of robots or smart bins cannot be assigned to the 

causative principle. Non-transparent process documentations and overheads affect the reduction of process 

costs and the precise determination of prices and profits of single products [17]. 

Digital Twin (DT) 

To cope with some of these challenges, a DT can be used in a CPPS. The term DT was introduced by [18] 

in 2003 and describes the precise representation of a physical object or system in the digital (cyber) world 

[18]. Physical and digital systems can affect each other [18,19], which leads to a merge of the physical 

system and its digital representation [20]. Further distinctions of DT have been made by [21], in which the 

DT consists of a bilateral information flow between a physical object and its digital representation [21]. 

Extensive research of applying DTs into the production field on shop floor level can be traced back to the 

elaborations of [22,23]. The authors propose a five-dimensional DT structure, which consists of the physical 
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entity, its virtual pendant, services between both entities, data of the DT and the connection of different parts 

of a DT [23]. Following [24], two starting scenarios for DT development can be distinguished. In the first 

scenario, neither a physical object nor a DT of such an object exists, whereas the second scenario 

concentrates on extending an existing physical object that does not have a DT yet. Each scenario passes the 

design, development, operational and dismissal phase [24]. 

DTs can be applied for data analysis and simulation to reduce costs, predict failures and prepare for 

unexpected events. Simulating specific states of the system or adding new components is also possible with 

the DT without changing the physical system. This saves costs and time, for example when developing a 

prototype or testing different production scenarios. The DT is also used for 2D or 3D visualisation of 

production processes [25]. Despite the potential of using a DT in CPPS, several aspects remain critical in a 

combined system. The DT might not display the physical part of the CPPS correctly due to a lack of 

transparency and documentation. Besides, as explained above security such as device authorization is a 

critical issue in a CPPS. Manipulated data of the physical system influences the DT due to the interplay 

between the physical and digital system such as the use of sensors [25]. Therefore, the DT is highly 

dependent on reliable data from the physical world, whereas the physical system is dependent on the correct 

input from the digital world. 

Blockchain-Technology (BCT) 

One approach to the solution is BCT. According to DIN SPEC 16597, the term blockchain can be described 

as a ‘distributed database that is practically immutable by being maintained by a decentralized P2P [peer-

to-peer] network using a consensus mechanism, cryptography and back-referencing blocks to order and 

validate transactions’ [26, p.8]. BCT can be subordinated to the Distributed Ledger Technology (DLT) as a 

DLT concept [27]. A condensed overview of the most mentionable challenges and benefits related to 

blockchain is proposed by [28]. Following [29], BCT is characterized by its permanence, immutability, 

disintermediation and transparency and receives closer consideration due to these trust-inherent 

characteristics enabled by the interplay of consensus mechanism, decentralization and cryptography [4,7]. 

An emphasis in terms of establishing trust in intercompany networks enabled by BCT is proposed by [30]. 

A proposal for a BCT-based engineering framework is described in [5], which consists of technological 

components on an infrastructure layer, enriched by an environment layer, an application layer, an agent layer, 

a behavior layer and the trust frontier, which separates the latter ones and addresses the trust issues between 

the physical system and its virtual model. The interplay of immutability and transparency forms the basis for 

process and data integrity on the application layer, in which the data integrity consists of the degree of 

completeness and immutability of data and the process-integrity encompasses the rule-compliant execution 

of processes [7]. In trust-relating literature, the term integrity describes the ‘perception that the trustee 

adheres to a set of principles that the trustor finds acceptable’ [31, p.719]. In conjunction with the ability 

and benevolence, it represents one of the ‘factors of trustworthiness’ [31, p.717]. The authors of [32] assume 

that an increase in integrity can be enabled by smart contracts as long as they limit the scope and expectation 

of opportunistic behavior. Smart contracts can be seen as ‘autonomous interacting pieces of code […]’ [4, 

p.1543], whose execution is based on predefined rules and which allow the omission of intermediary

instances, that, in turn, saves transaction costs [4,33].

Referring to [29], ‘the process of creating a ‘digital twin’ of a physical good on a blockchain is called 

tokenization [in which] [...] Users can exchange the ownership of these digital representations, or tokens 

[…]’ [29, p. 3]. DLT allows the virtual representation of the properties or behavior of the reference object, 

which can be either a person or an object [34]. An example, how a DT can be connected to the Ethereum 

blockchain is shown in [35], where a three-layered concept is proposed, in which non-fungible (ERC721) 

Ethereum tokens are connected to DTs and enriched by smart contracts, which ‘allow automatic material 

flow decisions in the manufacturing system’ [35, p. 253].  
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Towards a DLT-based DT for CPPS 

In a previous elaboration on CPPS and DLT, a literature research led to the assumption that DLT enriches 

previous (de-)centralized infrastructures in terms of security and processing [36]. Furthermore, integrating a 

BCT-based DT in a CPPS provides a solution for the challenges in such production systems [37,38]. It can 

be used to interact with the system and carry out payment or replenishment orders. Besides, it does not only 

present the current state of information in the system, but also offers a complete and tamper-proof history of 

all states the system has been in so far. Thus, it serves as the basis for sound decision-making and profound 

process analysis [39] and provides reliable data for AI approaches such as the prediction of failures or peak 

loads [40]. Furthermore, via BCT and a DT, data exchange within the CPPS and between external 

stakeholders such as customers and suppliers can be standardized and simplified [41]. 

The potential of combining CPPS with BCT has been recognized in literature: Smart contracts can provide 

a distributed and immutable record of transactions [42] by checking for fulfilled requirements and 

automatically reacting to that. Based on this, pay-per-use models can be realized [43,44]. Several 

publications either propose theoretical concepts for a BCT-controlled CPPS [38,45,46] or present small-

scale implementations of single components of a CPPS [37,47]. These also include, for example, blockchain-

based auctions usable for task allocation [48,49]. It is evident from the researched literature that BCT 

provides transparency in CPPS due to its inherent characteristics. However, the triad of CPPS, BCT and DT 

has only been researched in few publications on a conceptual level [40,50]. As of now, it remains unclear 

how to design and implement the BCT-based DT to realize such potential. 

3. Designing the BCT-based DT of a CPPS

For designing and implementing a DT, the prerequisites under which the DT is developed and its lifecycle 

have to be considered. Referring to [24], we focus on the second scenario as our DT extends an existing 

CPPS in our research hall. The focus is set on the design phase with regard to the DT of an excerpt of a 

physical production system and its connection to a blockchain. Our design of the DT is based on the five 

dimensions of a DT proposed by [23]. We combine these dimensions with the blockchain engineering 

framework proposed by [5] with intention to overcome the challenges of process and data integrity. The 

merged model, transferred to CPPS, is shown in Figure 1. 

The behavioral layer consists of a tangible CPPS with its entities such as machines and mobile robots and 

represents the DT dimension of the Physical Entity. This tangible CPPS is represented on the agent layer 

by one or several DTs (virtual entity) enabled by simulation tools [51]. The trust issues between the agent 

layer and the behavioral layer can be described by the lack of process and data integrity as trust-inherent 

characteristics [7]. Blockchain can be attached to the DT of the CPPS and supports the visibility of the state 

conditions enabled by smart contracts on the application layer [4,5]. The interplay and connection of the 

physical and virtual entity as well as the blockchain represents the dimension of the connected digital twin, 

in which information are exchanged in a bidirectional way between the layers.  

The application layer itself ensures the interoperability between the blockchain framework and the agents, 

which can be either a human frontend interaction or a machine-API-interaction of a cyber-physical entity 

acting as an agent. Transferred to the scenario of a CPPS, smart contracts can be foreseen for executing the 

transactions inside the negotiation scenario on the shop floor. This drives the automatizing process forward 

and allows agents to act autonomously. These interactions are part of the DT dimension called services, 

which also includes the interoperability between the physical and virtual entity by synchronizing them in 

real-time. The physical entity can report its initial states of the system to the virtual entity and the virtual 

entity can in turn influence the physical entity, for example by returning a determined resource allocation. 

Other services, for instance, can be provided for monitoring of energy consumption in the physical entity or 

testing of certain functions in the virtual model. 
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On the environmental layer, the policies of the whole framework can be defined, which can be for example 

rules for task allocation, the definition of roles with certain access rights and restrictions, transaction relevant 

tokens and the determination of data captured and stored within the transaction log. This is part of the digital 

twin data, which comprises all data from the physical and virtual entities and services and, thus, includes 

information from every layer. For the CPPS, data from the information, material and financial flows can be 

part of the DT data. Especially the financial transactions extend the data of the physical system and its virtual 

counterpart. These include, for example, tenders, bids, order placements and payments. 

Figure 1: Framework for designing a BCT-based DT for CPPS (based on [5,23]) 

4. Demonstration and Evaluation

The BCT-based DT of a CPPS to be demonstrated in this contribution is located in the manufacturing context 

as described by [52,45,53]. In this tangible CPPS, individually configurable drones are manufactured in a 

decentrally organized matrix production system [54]. The system consists of several entities such as 

workstations, mobile robots, smart bins and workers that solve task allocation by negotiation. The prototype 

comprises an excerpt of this production system. The prototype illustrated in Figure 2 focuses on the task 

allocation between a workstation and several mobile robots, which provide material for the workstation. 

In the following, the prototype considers the agent and application layer with regard to the virtual entity, 

services, DT data and the connection between the layers. The agent layer of the prototype is replicated with 

the game engine Unity1, which also serves as the virtual entity. For visualization purposes, the DT is created 

and animated in 3D. Inside the Unity scene, an additional 2D dashboard depicts system information such as 

the current state of a mobile robot in real-time. The virtual entity is supplemented by a blockchain testnet 

based on the Ethereum framework2. The transaction data is stored inside a blockchain and shown in a 

1 https://unity.com/  
2 https://ethereum.org/en/ 
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frontend layer, which is provided by a Web3-React interface3. Unity and Ethereum are merged via 

Nethereum4, an open-source API for integrating the Ethereum blockchain into .NET applications. 

Figure 2: Sketch of the prototype of the merged visualization with unity (left) and blockchain (right) 

The prototype is embedded in a scenario comprising the request of material, followed by settlement and task 

allocation, task fulfillment and payment. The decentralized task allocation follows the principle of rule-based 

bidding with a reverse first-price-sealed-bid auction (FPSB), in which multiple sellers compete for a single 

buyer without knowing the bids of the competitors [49]. In this context, robots are offering their 

transportation services, which are requested by a workstation. For simplicity, the bid of each robot is 

determined by its distance to the workstation. The workstation chooses the lowest bid, which is the closest 

robot. Smart contracts are based on the programming language Solidity5. As Table 1 shows they provide 

call- and send-functionalities for the control of the CPPS. 

This prototype shows the relevance of the DT in CPPS with integration of BCT. In our system, the DT based 

on a virtual entity in Unity allows an extensive visualization of the production system as well as its material 

and information flows. A real-time environment provides the user with an overview of the whole system at 

any time to make well-founded decisions. Furthermore, the visual interface allows a human-machine-

interaction with the virtual entity. This is a decisive step for successive testing and understanding the cause-

effect relationships of DT during the development phase and it is also a mandatory part for the basic DT 

archetype [51]. Thus, the prototype can be classified as an ‘Enriched Digital Twin’, which ‘enriches its 

database by preprocessed data from supplementary systems […]’ [51, p.12].  

Additionally, the Unity model allows an analysis in time-lapse without the need of validating transactions in 

a blockchain. Physical behavior can be replicated and negotiation-relevant data such as the bids of the robots 

can be calculated faster. The virtual entity enabled by the Ethereum framework provides the requested 

transparency and process as well as data integrity. As it would not be efficient to store all data on a blockchain 

due to the necessary computing power and storage, only data with high need of integrity has to be stored on 

the blockchain [46]. Thus, the blockchain does not replicate the holistic DT in Unity. It rather enriches it by 

providing several functions to ensure compliance and transparency and promotes the virtual entity to the 

next level of an enriched DT archetype [51]. 

The Web3-frontend and the blockchain allow for selective control of access rights in the CPPS. Only verified 

entities can enter the system and add auctions or bid on auctions, which means that they have to belong to 

the requested group of entities or that they have to have a certain amount of Ether to be able to pay for a 

tender. These features are considered in the provided smart contracts, for example the addBid function. 

3 https://betterprogramming.pub/blockchain-introduction-using-real-world-dapp-react-solidity-web3-js-546471419955 
4 http://docs.nethereum.com/en/latest/ 
5 https://docs.soliditylang.org/ 
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Requirement statements embedded in the functions prevent entities from bidding on their own auctions and 

check if the entities fulfil the requirements such as necessary rights to call these functions. Hence, rule 

compliant negotiation mechanisms within the CPPS can be ensured and process integrity can be guaranteed. 

As all transactions are recorded safely and completely, they can be used to automatically assign costs 

according to the causative principle and to ensure that the respective payments are completed. If an auction 

is completed and the winner is selected, the owner of the auction will deposit the amount of the bid in Ether 

in the smart contract. The winner is informed and fulfils its task. Once the task has been fulfilled, the smart 

contract automatically releases the stored amount of Ether as payment for the winner. This measure creates 

trust for both entities, as the winner has certainty about the fulfilled payment, whereas the owner has 

confidence that it will get its Ether back in case of failure. The blockchain keeps a complete and tamper-

proof history of transactions including bidding information, owners of auctions, selected winners and 

deposits, which persists over the limited runtime of the Unity model. 

Table 1: Overview of functionalities

No. Function Input Parameters for Smart Contracts Supported by virtual entity 

(I) insertNewTask - Unity 

(II) addAuction (privateKey) Ethereum 

(III) calculateBid - Unity 

(IV) addBid (privateKey, auctionNumber, bid) Ethereum 

(V) readAuction (privateKey, auctionNumber, bid) Ethereum 

(VI) completeAuction (privateKey, auctionNumber) Ethereum 

(VII) payPrice (privateKey, auctionNumber) Ethereum 

(VIII) startTask - Unity 

(XI) serviceProvided (privateKey, auctionNumber) Ethereum 

5. Conclusion and outlook

This contribution focuses on the triad of CPPS, BCT and DT to enhance transparency, and process and data 

integrity in CPPS. A concept of a BCT-based DT for CPPS is designed and demonstrated. Based on reusable 

design knowledge about each component, a consolidated framework for designing BCT-based DT for CPPS 

is proposed. The demonstration of a prototype of a BCT-based DT for CPPS in the manufacturing scenario 

confirms that the transparency and integrity within the system can be increased. However, the elaboration 

underlies certain limitations. More profound research of additional challenges concerned with BCT such as 

security, privacy or scalability is required [28], especially with CPPS and DT. The methodology followed 

allows further revisions during the build and evaluate cycle [9]. In future, we will extend the presented 

prototype to the whole system in terms of the scope and variety of agents and corresponding transactions. 

This includes a more resilient quantitative analysis regarding validation time and transaction costs as well as 

scalability. Other open aspects are the integration of the physical entity in the development phase and the 

elevation of the DT to a higher level of archetype by integrating autonomous BCT-based control of the 

extensive CPPS [51]. The broadly accepted value propositions of BCT and DLT as for example 

trustworthiness, credibility, immutability, data sovereignty or decentralization pave the way for a next 

evolution level adding a Financial DT component to the concepts of DTs of CPPS on the shopfloor. Financial 

DTs acting as agents of a company´s Finance Department and interacting with their digital counterparts on 

the shopfloors might have a huge potential to trigger innovative and highly efficient working capital and 

asset finance solutions. We encourage researchers and practitioners in the fields of Information Systems and 

Logistics to adapt the proposed concept to derive design implications in the fields of BCT, DT and CPPS. 
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Abstract 

The application of Industry 4.0 in lithium-ion battery cell production enables companies to achieve increased 

product quality and global competitiveness, since the majority of value creation takes place in this process. 

Studies have shown, that improving production performance is the most effective way for battery cell 

manufacturers to become competitive in the increasingly globalized market. To achieve operational 

excellence, battery manufacturers must adopt the concepts of networked and digitized production. However, 

holistically introducing digitalization, data systems and Industry 4.0 methods in all sectors of lithium-ion 

battery cell production currently poses a major challenge as comprehensive approaches are not available. 

Therefore, a tailored methodology for the evaluation of suitability and introduction of digitalization and 

Industry 4.0 is presented. The approach addresses all production-related sectors from logistics to plant 

engineering to quality management via so called application areas. Multiple development stages divide these 

into the maturity levels in terms of Industry 4.0. To design each application area and stage, Industry 4.0 use 

cases from battery cell producers, plant manufacturers, and battery-related research projects are clustered 

and abstracted for general accessibility. It is shown, that abstracted application areas may be assigned either 

to all production sectors such as communication or to specific fields such as quality methods. Based on the 

application areas, corresponding toolboxes are established forming the core of a digitalization guide. To 

increase the level of maturity with regard to Industry 4.0, the presented paper aims at enabling companies to 

apply appropriate tools from the toolbox to their production. The systematic and efficient development and 

implementation of digitalization as well as the holistic assessment of a company's maturity are enabled and 

provide an essential tool towards increased competitiveness.  

Keywords 

Lithium-ion Battery Cell Production; Competitiveness; Digitalization; Industry 4.0; Production Planning 

DOI: https://doi.org/10.15488/12168 151



1. Introduction and state of the art

Developing energy storage systems to meet the growing global demand for storage capabilities sustainably 

providing electrical energy is one of the key challenges of our time. The development of a variety of storage 

technologies is driven forward, among which the lithium-ion battery cell plays a key role. Its wide range of 

advantageous properties has resulted in its application in a wide range of products, among which the electric 

vehicle is the most prominent representative. Despite the rapid development of the lithium-ion battery, it is 

still facing technological challenges ranging from the improvement of key characteristics such as energy 

density and safety, elaborating possibilities for recycling and especially establishing cost-effective mass 

production [1]. The latter in particular plays an important role concerning market penetration. To overcome 

this challenge, the holistic digitalization of factories and implementation of Industry 4.0 methods can 

assist [2]. In various industries, a significant increase in competitiveness through improvements such as 

reduced downtime, increase in throughput, and lower energy consumption have already been shown. In 

addition, companies are enabled to collect process and product data along the entire value chain and evaluate 

it using intelligent algorithms enabling product and process development [3,4].  

The European lithium-ion battery production capacity is expected to increase to a 16.8 % share of global 

production capacity in the next decade [5]. Battery cell producers are relying on the introduction of 

digitalization and Industry 4.0 methods to sustainably increase their productivity and compete in the highly 

contested market. In Germany, Varta AG, and Daimler AG are increasing their efficiency and flexibility 

[6,7], Switzerland-based iQ Power Licensing is aiming at shorter throughput time and lower energy 

consumption, Northvolt is holistically implementing Industry 4.0 approaches in Sweden [8], Freyr Battery 

introduced digitals twins of all processes in Norway [9], Tesla, Inc. uses holistic digitalization paired with 

automation in the USA [10], and Contemporary Amperex Technology Co. Limited is doing the same in 

China [11]. However, since the implementation is a complex interdisciplinary problem, companies face 

several challenges ranging from the selection of suitable sensors, their networking to the establishment of 

automated communication and autonomous process control [12,13]. In addition, the maturity determination 

regarding Industry 4.0 cannot be performed and a clear vision does not exist. Therefore, the efficient 

introduction of digitalization and Industry 4.0 requires a systematic, holistic and intuitive approach [2]. 

Since the topic of digitalization and Industry 4.0 in battery cell production is still new to the field of research, 

only a few approaches identifying and addressing the arising challenges exist. Data acquisition and 

evaluation, as well as cyber-physical systems in cell production, were analysed [14,15,16], and a holistic, 

data-driven approach to battery cell manufacturing was demonstrated [17]. In addition, data mining methods 

were applied to battery cell manufacturing [18] and digitalization conceptually addressed regarding 

traceability, digital twins, and end-of-life prediction [19]. It can thus be concluded that there is currently no 

guide for supporting companies in the holistic introduction of digitalization and Industry 4.0 in battery cell 

production. Consequently, the potential of the next level of industrialization cannot be accessed efficiently 

and intuitively to competitively manufacture lithium-ion battery cells.  

Thereby, all production-related aspects such as process technology of the individual manufacturing 

processes, the associated machine and plant technology, and quality management to ensure the required 

quality must be addressed. Furthermore, organizational aspects of production planning, control and logistics 

must also be included for a holistic view of Industry 4.0 in battery cell production. Although there are 

extensive studies and guidelines on battery cell production [20,21] and digitalization [22,23], there is no 

known combination of the two with a holistic view of all aspects of production technology. Digitalization 

and Industry 4.0 in battery cell production have been named as a necessary technology breakthrough ("Red 

Brick Wall") [20]. Therefore, the development of the framework and corresponding toolboxes for the 

digitalization of battery cell production is the goal of this paper and is intended to make a fundamental and 

sustainable contribution to competitive battery cell production in Germany. So-called toolkits represent one 

component of the digitalization guide. New functions in the sense of Industry 4.0 and the Maturity Index 
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according to SCHUH ET AL. are to be derived from the toolkits for Industry 4.0 and successfully implemented 

[24,25]. How this can be achieved is explained in this contribution.  

2. Methodology for the development of toolboxes for digitization

This chapter refers to the development of the toolboxes, which form the fundamental basis of the 

digitalization guide. The framework of the toolboxes is presented at the beginning and their characteristics 

are explained. The toolboxes are linked to the existing Industry 4.0 Maturity Index according to SCHUH ET 

AL. [25]. This index, postulated by SCHUH ET AL., describes different degrees of digitalization with the help 

of levels that build on one another and is already established in the industry. Finally, the procedure for 

developing the toolboxes is shown and explained.  

2.1 Framework of toolboxes 

In order to enable industrial companies to access Industry 4.0 in a transparent and comprehensive way, the 

entire production is divided into the following production areas: production planning and control and 

logistics, machine and plant engineering, quality management, and process technology (Fig. 1). Due to the 

fact that certain areas within battery cell production cannot be assigned to any specific area alone, an 

overarching area is added. For example, part of the overarching area relates to data. Since all production 

areas have to access it, no clear allocation can happen. The specific production areas in combination with 

the overarching area are the basis for the toolboxes. Each area is assigned its own toolboxes. All toolboxes 

provide content and methods that define development stages. These development stages represent different 

levels or stages of digitalization and Industry 4.0 and are based on the development stages from the Industry 

4.0 Maturity Index according to SCHUH ET AL. [25]. The main terminologies used in this paper are 

summarized in figure 1. 

Figure 1: Overview of the framework toolboxes 

The six stages represent the forms of digitalization and Industry 4.0 from computerization to adaptability. 

For the purpose of completeness, another stage 0 is added to represent the case of no digitalization. Stages 1 

and 2 can be taken from the existing Maturity Index. Since the Maturity Index generally aims at the entire 

corporate structure, the definitions of levels 3 to 6 must be adapted to production. To achieve stage 3 sensors 

must be integrated into a process in order to capture product and process data. For example, in a calender, 

distance sensors could be integrated to continuously determine the existing layer thickness after the 

calendering process. In subsequent stage 4, the process-product-effect relationship is determined. At this 

stage, an interpretation is made of the influence of an input parameter on the output parameter. With the help 

of this understanding, a digital twin of the equipment or process can also be built and linked to the sensor 

data. In relation to the calendering process e.g. a correlation between roll gap and layer thickness could be 

determined. At the same time, the digital twin of the calendering process is built up and could visualize the 

effects of gap adjustment on layer thickness.  
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At the next higher level 5, the digital twin is used to predict the output parameters on the basis of the available 

input parameters. There is no direct link to the machine. In the case of calendering, the required roll gap can 

thus be predicted for a desired layer thickness, but only for a given material. The roll gap must then be set 

manually on the machine. The final stage adaptability is achieved when the system can not only predict the 

output, but also simultaneously adjust the system parameters accordingly. In the calendering process 

described above, manual adjustment of the roll gap is no longer necessary, since the system carries out the 

adjustment autonomously. 

The framework of the toolboxes enables the user to classify his production quickly, comprehensively and 

clearly differentiated with regard to digitalization. Different areas can be targeted, as certain users or 

companies have different focal points. For example, a cell manufacturer might focus on the digitalization of 

its logistics, whereas a machine manufacturer of a calender might focus on process monitoring. Besides the 

stage analysis, a target stage to be achieved can also be defined, visualized and continuously tracked. In 

addition, the necessary steps to achieve the target stage can be taken from the toolbox. The toolboxes thus 

provide the decisive tool for a guided and comprehensive implementation of Industry 4.0 in battery cell 

production. 

2.2 Toolbox development 

The fundamental approach for developing each toolbox is shown in Fig. 2. 

Figure 2: Procedure for the development of the toolboxes 

The starting point for developing the toolboxes is a comprehensive basic analysis of the addressed production 

areas. To determine the status quo in battery cell production, the first step was to analyze pouch cell 

production by determining and summarizing all necessary input and output data along with established 

process and digitalization technologies. In addition, a project screening of 20 publicly-funded projects 

concerning battery cell production was carried out. Due to the currently running "Dachkonzept 

Forschungsfabrik Batterie" (meaning umbrella concept battery research factory) and various battery cluster 

initiatives of the Federal Ministry of Education and Research (BMBF) in Germany, there is intensive 

cooperation between all battery institutes operating in Germany. Based on the cooperation in the cluster 

"Intelligent Cell Production", there is close contact to parallel projects, which are regularly screened and 

surveyed within the framework of this project. 

With the help of this project screening, the projects were classified according to the contents of the four 

production areas and their degree of digitalization. Furthermore, specific use cases of digitalization in battery 

cell production were developed from the individual projects. Alongside this screening, interviews were 

conducted with 15 industrial companies that currently support the BMBF Cluster Initiatives with a focus on 

battery cell production. The companies were e.g. cell manufacturers, equipment manufacturers, or specialists 

for sensor technology in the battery field. The interviews were conducted over a period of six months using 

a standardized questionnaire (multiple choice and open-ended questions) so that the results of all interviews 

could be compared. 

Production planning and

control & logistics

Process technology

Qualitymanagement

Machine and plant

technology

Toolbox
20 Publicly funded projects, 15 Companies

Basic Analysis Definition of development stagesDefinition of application areas

Overarching
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With the help of the interviews, it was thus possible to identify the current status quo of the implementation 

of Industry 4.0 and challenges in dealing with Industry 4.0. The main purpose of the interviews was to collect 

the various advances made by different players (material manufacturers, equipment manufacturers, cell 

manufacturers etc.) and to identify deficits. Based on the process analysis, the interviews, and the project 

screening, it is apparent that the specific production areas, but also the overarching area, need to be divided 

into different categories called “application areas”. The application areas were determined based on a large 

number of interviews and the contents discussed. An attempt was made to aggregate and cluster the different 

topics. The application areas are not to be considered singular, as there are also interfaces between the 

different areas. For reasons of complexity, the interfaces are omitted at this point, so that they are not 

considered further for the time being.  

The application areas are unique and customized according to the corresponding topic. Additionally, they 

describe applications within this area. Due to the application references, these are referred to as application 

stages in the following. In addition to the application area, the application stages form an area-specific basis 

for the integration of suitable Industry 4.0 methods. To build up the content of the development stages the 

identified use cases of digitalization in battery cell production are abstracted and used to assign specific 

Industry 4.0 content and methods. The resulting toolboxes of the different areas can be viewed in the further 

course as one large toolbox that provides all important information, content and methods. 

3. Results and discussion

With the presented framework and procedure for the creation of the so-called toolboxes, 12 application areas 

were identified in total (see fig. 3). Multiple Industry 4.0 use cases from battery cell producers, plant 

manufacturers, and battery-related research projects were analyzed, clustered, and abstracted for general 

accessibility. The analysis concludes, that the toolboxes for the application areas can be divided into different 

sections. The first, general section can be applied to all production or company sectors.  

For example, the application area “Data” can be assigned to the overarching toolbox since it accrues 

irrespective of the company’s department. Data generation and analysis can occur at both the planning level 

and shop floor level. Other than the overarching application area, the following additional application areas 

can be identified: 1) Logistics, production planning and control, 2) Machine and plant engineering, 3) 

Quality and 4) Process management (see fig. 3). For each of these, toolboxes with defined characteristics 

based on the maturity index development stages are developed. These toolboxes, with their characteristics 

and methods, form the core element of a digitalization guide in battery cell production.  
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Figure 3: Application areas for digitalization in battery cell production 

To identify or increase the level of maturity in regards to Industry 4.0, an analysis of the different toolboxes 

has to be conducted. Each application toolbox consists of relevant methods and tools to implement Industry 

4.0 from a scale from zero to six in regards to the maturity index. To establish or increase the maturity level 

in the enterprise networks different approaches can be considered.  

The application area “Enterprise Network” (see fig. 4) is presented in detail as an example toolbox and the 

process methodology to be used is shown. An enterprise network defines a company wide network as a form 

of coordinated cooperation and collaboration between several departments and locations. This toolbox 

focuses on approaches in the context of enterprise-wide networking. The starting point for the considerations 

is the question of how networking and collaboration can be optimized and costs reduced with the help of 

Industry 4.0. Improving the networking and communication of companies opens up synergies and avoids 

duplication of work. Networking production with other areas of the company, e.g. communication between 

the lithium-ion battery production facility and separator or anode material production facility results in 

unified IT solutions, standardized workflows, and consistent file formats that benefit the entire company. 

When improving the enterprise network up to the highest development stage six, whereas all data from the 

different production sites is continuously exchanged, an autonomous order distribution and plant adjustment 

in the global production in real time can be expected. To achieve this stage (six) of Industry 4.0, all previous 

stages from zero to five have to be achieved and implemented successfully in order to obtain this new 

development stage within the enterprise network.  

The toolbox “Enterprise Network” provides detailed specifications of the development stages and therefore 

encourages company specific solution finding: the next development stages towards Industry 4.0 are always 

considered by the user(s) in the context of their company specific use case. This means, that the ideal or right 

target stage for the different production areas, can be an individual decision made by a company. This can 

result in different “ideal” target stages, depending on the current company orientation, but in the long term 
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a high development level should be aimed for to ensure increased efficiency and quality in lithium-ion 

battery production. 

In addition to the “Enterprise Network”, the other toolboxes enable companies to apply appropriate tools 

from the toolbox to their production in order to increase their level of maturity with regard to Industry 4.0. 

The other eleven toolboxes are structured and developed according to the same system and provide 

information on how to digitalize the warehouse, production processes, quality management, or how to 

implement predictive maintenance in production. The systematic and efficient development and 

implementation of digitalization, as well as the holistic assessment of a company's maturity with the 

toolboxes are enabled and provide an essential tool towards increased competitiveness. With the toolboxes, 

a more efficient Industry 4.0 development process can be achieved due to the strategic framework and the 

laid-out use case examples and best practices generated over the course of the interviews mentioned earlier. 

The existing application areas and development stages can be used and adapted according to the company's 

own needs, so that process development does not start from zero. The subsequent implementation of 

Industry 4.0 methods or applications in the company is also facilitated with the toolkits, as the contents of 

the toolkits build on each other and complement each other. The methodical overview can be a relief and 

increase in efficiency for an inexperienced user. 

Figure 4: Digitalization application and toolbox for industry 4.0 methods within an enterprise network 

4. Conclusion and outlook

This paper presents a framework consisting of toolboxes for different application areas and stages for 

measuring and improving the maturity of Industry 4.0 in lithium-ion battery cell production. For this purpose, 

so-called toolboxes are used to determine the different stages of Industry 4.0 in different areas of battery cell 

production. Furthermore, actions that are needed to implement or increase Industry 4.0 in the different areas 

can be derived from the toolboxes. The main limitation and question remaining is concerning the right target 

stage for the different production areas, and how companies can define their target stages. These questions 

have to be analyzed and answered according to the companys’ specific strategy and mission. In summary, 

the toolboxes and the framework provide an overview and descriptions of tools or stages, but no guidance 

on how (e.g., how to implement or how to define a target state). 

In the further course of the project, the methodology will be tested with the partners from lithium-ion battery 

industry and research. A workshop concept will be used for this purpose. To demonstrate the applicability 

of the methodology, the workshops will be validated in a broad field of industrial sectors in the area of 

battery cell production. In order for the toolboxes to be used, the terms Industry 4.0 and digitalization are 

defined at the beginning of each workshop. This is followed by an as-is analysis of the workshop participant 

using the toolboxes. Based on this, company-specific target states or wishes are defined, which signifies a 

higher development stage in the different application areas. When defining the target state, however, the 
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cost-benefit ratio needs be considered and analysed by the individual company in question in order to ensure 

feasibility. The necessary analysis tools and methods will be developed in the next project phase as part of 

the overall methodology. Following the cost-benefit ratio, individual recommendations and/or projects are 

then derived from the target specification using creative methods. The defined measures or projects are 

prioritized and then implemented in the company. The aim of the validation workshops is to iteratively adapt 

the methodology to enable optimal measurability and further development of Industry 4.0 in battery cell 

production. The results will be summarised in a detailed guideline, which is intended to provide industrial 

companies with a transparent and holistic approach to Industry 4.0 in the field of battery cell production. 
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Abstract 

Microservices are a special type of service-oriented architecture that promises flexibility through the 

encapsulation of functionality and loose coupling. With a growing need for responsiveness of manufacturing 

systems driven by customer expectation, competition, and regulatory changes, the microservices architecture 

is highly attractive for Manufacturing Operations Management (MOM) solutions. Manufacturing enterprises 

that have a traditional MOM solution as a monolithic system in place can transition to microservices 

architecture through reverse engineering their existing solution. This is not possible in a greenfield 

environment where the entire manufacturing system is built from scratch. In this paper, we present an 

approach for designing and developing a microservices-enabled MOM solution for greenfield environments. 

The approach is based on industry standards and incorporates a parallel design and development of the 

microservices addressing the functional needs of the MOM solution and equipment emulators, enabling early 

solution testing before the actual equipment is delivered. We evaluate the approach through a case study in 

which we developed a microservices-enabled MOM solution for a small-scale battery manufacturing line. 

We report that the ISA95 standard provides a good guideline for microservice MOM solutions, though the 

underlying data model needed to be modified to cover our case. The developed instantiation also shows that 

a microservices-enabled MOM can flexibly address new requirements. However, this does not come without 

a cost, as their integration and management require additional effort compared to monolithic architectures.  

Keywords 

Manufacturing Operations Management; Microservices; Manufacturing Execution System, MES; MOM; 

IIoT; Battery Cell Manufacturing 

1. Introduction

The need for flexibility of manufacturing companies to adapt their operations to changes in the environment 

has become apparent in current crises such as COVID19 or the Ukraine crisis, in which the supply chains 

have been heavily disrupted. However, if even these crises would not exist, manufacturers need to be 

responsive to adapt to external changes [1]: Customers expect new product releases in a shorter timeframe, 

there is increasing global manufacturing competition, and governments impose new regulations to act on 

climate change. To deal with the challenges manufacturing companies must embrace flexibility throughout 

their manufacturing system, from the material over machinery to IT-Systems. With the increasing 

importance of data in manufacturing processes, the flexibility of the manufacturing IT-Systems that support 

the management of manufacturing operations (MOM) is crucial [2,3]. MOM solutions support through their 

underlying model a certain degree of flexibility to address changes in the manufacturing system, such as the 

addition of new products or production steps [4]. However, not all changes that occur later in practice can 

be foreseen. To dissolve this limitation, the adoption of microservices architecture, in which the MOM 
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solution consists of several microservices, was proposed [5]. Microservices architectures will not necessarily 

avoid source code changes, but they should at least reduce these changes due to loose coupling. This 

capability makes a microservices-enabled MOM highly interesting for both established and new 

manufacturing sites. However, the methodology for designing and developing such a system substantially 

differs. Established manufacturers can reverse engineer their existing MOM solutions and gradually 

transition to the new architecture paradigm [6] [7]. New manufacturing sites are planned from scratch, and 

thus guidance for the MOM design and development endeavour is required. This paper presents an approach 

for designing and developing a microservices-enabled MOM that we evaluate by implementing a MOM 

solution in a case study. The remainder of the paper is structured as follows. In section 2, we discuss related 

work on MOM solutions and highlight the gap in research. Section 3 presents our approach for designing 

and developing a microservice MOM solution. We apply this approach in section 4 in a case study for a new 

small-scale battery manufacturing line. We evaluate our approach and our MOM solution in section 5. 

Finally, we conclude our paper with the key points in section 6. 

2. Related work 

For this section, we conduct a literature review on the design of MOM solutions. We searched Google 

Scholar with a focus on the last five years and extended our retrievals through cross-reference search. Among 

the literature, we identified three common themes in our review: the importance of standards for MOM 

solution development, the requirements of MES in the context of Industry 4.0, and the potential of 

microservices for increasing the flexibility of MOM solutions. Considering standards for MOM 

development, ISA95 is a well-known standard. [8] uses ISA95 as a guideline for developing an MES based 

on the open-source enterprise software platform odoo. [9] leverage the data model of ISA95 to implement 

an IIoT connected MOM system. Interestingly the model seems not to be applied in practice for system 

development, at least in some industries. A comparative study of different MES vendors [10] reports that 

only very few systems comply with the ISA95 standard. Other studies highlight integrating MES with IIoT 

platforms to align with Industry 4.0. [11] review relevant standards and ontologies of MES in the context of 

Industry 4.0. They highlight that an MES needs to be seamlessly integrated with all cyber-physical system 

components to enable highly automated solutions. Formal ontologies and models play an essential role in 

ensuring interoperability. [9] combine a quality function deployment and case studies to identify MOM's 

main requirements in smart factories. They also identify interoperability as the key requirement for MOM 

in a smart factory. This is also supported by [12], who identify interconnectedness as a crucial feature of 

system architectures for Industry 4.0. Several authors point out modularity as a desirable characteristic of 

next-generation MOM solutions. In particular, the microservices architecture is suggested as a suitable 

solution to address modularity [9,12, 5]. [13] point out that the functional scope of the service has an impact 

on the communication infrastructure and should be considered in the design of a solution but also argues that 

the benefits of flexibility are highly suitable for smart manufacturing. Aligned with this claim is a slowly 

growing interest in MOM solutions based on microservices. There is a small number of implementation 

attempts. These attempts are compared in table 1. Our literature review analysed the available approaches 

concerning the other two common themes. The available implementations do not follow any standard for 

their implementation but instead, seem to be built from intuition. In addition, with exception of [14], the 

connectedness to other systems as part of a smart factory was not considered. We further identify a gap in a 

missing methodology or approach for designing and developing a MOM solution in a greenfield 

environment. In our work, we aim to address this gap.  

Table 1: Comparison with related work on MOM microservice architectures  

Table  Li et al. 2019 Zhou et al. 

2019 

Wunck & 

Jonas 2019  

Jin et al. 2021 Yi et al. 2019 
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Target Greenfield Greenfield Brownfield Conceptual Conceptual 

Model Not specified Not specified Not specified Not specified Not specified 

IIoT Integration Yes No No No No 

Case Domain Production 

network 

Not specified Laser-

Cutting 

Tobacco 

manufacturing 

None 

Case Environment Demonstrator Not specified CPS testbed Conceptual None 

3. Approach for designing microservice-enabled MOM in a greenfield environment 

This section presents our approach to designing a microservice MOM solution in a greenfield environment. 

The approach is visualised in Figure 1 including several steps and the associated vital roles involved. In 

contrast to the brownfield design of MOM solutions in which the design can orient on the existing 

boundaries, such as the equipment and software in place, the design for a greenfield does not have such strict 

constraints in place [15]. However, it is also evident that there must be a goal in place in which the principal 

purpose and scope of the manufacturing line are defined. There is a substantial difference in the design of 

the entire manufacturing line if the purpose of the manufacturing line is the production of high-volume goods 

compared to a manufacturing line for a small number of individualised products. For high-volume 

production, throughput is the key, and by contrast, flexibility is vital for the production of individualised 

products. The purpose impacts the entire manufacturing system, from equipment over processes to the MOM 

solution. For this reason, the first step in our approach is the definition of the manufacturing line goal and 

scope (0). This is the task of the executives overseeing the entire manufacturing site project. This definition 

serves as an input for the following steps concerned with the MOM solution's design. Our approach includes 

a parallel line to the steps for the actual MOM solution, which are targeted at creating equipment emulators. 

This is necessary in a greenfield environment where equipment is typically not present from the beginning. 

This defers gaining experience with the MOM solution, which could lead to severe flaws in the design. These 

are harder to fix the latter they are discovered [16]. The line for MOM solution design starts with the 

definition of operational procedures (1a). This step defines how operators on the shop floor interact with a 

MOM solution and the equipment of the shop floor. ISA95 part 1 defines a function model of manufacturing 

enterprises. Based on the defined goal and scope definition, the relevant functions can be selected and guide 

the characterization and modelling of the procedures. The result serves as the input for the segmentation of 

microservices of the MOM solution (2a). In this step, the functionalities of the microservices are determined, 

which defines the scope of each microservice. ISA95 part 3 provides activity models for operations 

management, production, maintenance, quality, and inventory. Each model activity is well-defined with 

clear boundaries and relationships to other activities. This property renders these models a viable template 

for segmenting a MOM solution in microservices. Each MOM microservice should have a clear functional 

scope [5]. Therefore, activities in the operational definition need to be mapped on these activity models. In 

the following step, the detailed design of the individual microservices takes place (3a). This involves 

designing the underlying semantics that determine the interactions of the microservices. ISA95 part 2 defines 

several common object models for all major entities involved on the shop floor, including personal, material, 

and equipment on which the data model design can be based. The parallel line of design of the equipment 

emulators begins with the manufacturing process characteristics (1b). The VDI 3682 standard provides a 

concept for describing processes in a standardized format. The format is solution neutral and allows the 

description of a process as the desired behaviour of a system by inputs and outputs in terms of product, 

energy, and information of the system. The latter is the most important for the emulator design. 
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Figure 1: Approach for designing and developing a microservices-enabled MOM in a greenfield environment 

Production engineers who design the manufacturing good's physical transformation process are the source 

of this information. Based on this specification, the information interface of the equipment can be defined in 

the following (2b). OPC-UA has been becoming a de-facto standard for the interoperability of equipment 

with MOM solutions in smart factories [17]. The IEC62541 standard specifies the protocol and provides the 

elements for constructing the information model from an IT perspective. These include different nodes such 

as objects, variables, and methods. An Automation Engineer needs to structure the IT interface based on the 

information inputs and outputs from the formal process description of the previous step. The emulator’s 

behaviour must be specified in the last step of the equipment emulator design (3c). The behaviour model can 

be implemented through simulation. VDI 3663 describes guidelines for the construction simulation models 

for material flow and production systems. Based on this standard and process, the automation engineer must 

specify the behaviour of the underlying model. After completing the design for the MOM microservices and 

the equipment emulators, the development begins [4]. Given the distributed nature and required interaction 

of microservices architectures [5] we propose an iterative approach that aims at an early end-to-end 

integration of all solution components to identify defects in design or implementation as soon as possible. 

State of the art microservices architectures are hosted on IoT platforms. For this reason, the development 

requires the collaboration between Production IT Software Engineers who possess the expertise to 

implement the functionality and IIoT Engineers who provide the know-how of integration and deploying the 

software. Automation and Production Engineers need to be involved in testing to provide recommendations 

for improvements to the MOM solution. The development iterations continue with the equipment emulators 

as long as the actual equipment is unavailable. As the implementation of the equipment interface might be 

itself subject to development defects on the side of the equipment supplier, it is essential to replace the 

equipment emulator during testing as soon as possible with the actual item of equipment (5). Testing with 

the actual equipment allows the development of a mature MOM solution that can be used early in the ramp-

up to accelerate the final go-live of the manufacturing line (6).  
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4. Case Study: Small scale battery manufacturing line 

Aligned with the Design Science Research Methodology [18] we applied the previously presented approach 

in a case study for designing a real microservices-enabled MOM solution to evaluate its utility. The battery 

manufacturing pilot line within the Center for Battery Manufacturing (ZDB) at Fraunhofer IPA served as 

the application environment. In 2019 the project for establishing a small-scale manufacturing line was 

initiated with the goal to produce small quantities of round li-ion cells, enabling research on new battery 

materials and manufacturing technologies. The entire manufacturing line was planned to cover all battery 

manufacturing steps, from slurry mixing over electrode coating to cell assembly and formation. The project 

focused on establishing the battery cell process steps from scratch in the past two years. This involved 

provisioning equipment for ten sub-processes. In the following, we report on our experience applying the 

previously described approach for designing and developing a microservice-enabled MOM in this specific 

greenfield case and present our developed artefact.   

4.1 Application of the approach 

For our MOM solution endeavour, the definition of goal and scope (step 0) was given through the ZDB 

project’s previously described goal. Our work started with defining the operational procedures and the 

battery cell assembly processes that should be part of ZDB. We conducted these steps in collaboration with 

production engineers responsible for the battery cell assembly. To define the scope of the operational 

procedures, we analysed the functional model of ISA95 part 1 (step 1a). This includes ten functions for 

enterprise control of a manufacturing organization. Considering the goal of our manufacturing line, we 

identified that only order processing, production scheduling, production control, quality assurance, and 

product inventory control were relevant for our project. These are the core functions that are required to 

produce battery cells. At this stage and scale of the ZDB, the other functions are not (yet) relevant as the 

ZDB does not aim at manufacturing goods for commercial purposes. These functions themed the frame for 

the procedures we needed to consider in the operational procedure definition. The Production Engineers 

defined ten sub-processes for the battery cell assembly (Figure 2).  

 

Figure 2: Battery Cell Assembly sub-processes 

We jointly modelled the details of the planned operating procedures with UML activity diagrams for each 

of these sub-processes. These include swimlanes for the human actor (engineer or worker), the 

manufacturing equipment, and the MOM solution. For each item of equipment in the sub-processes P1 to 

P10, we conducted a specification of the process information inputs and outputs (step 1b), including units 

and measurement frequency. We sub-categorized thereby outputs to information available at the end of each 

sub-process, such as the result of the process or a particular measurement (e.g. height of groove) and 

information that characterizes the physical process during its execution (e.g. forces or temperatures). Based 

on the results from step 1a, we started the segmentation of the microservices (step 2a) by mapping the 

activities of the MOM solution in the UML activity diagrams to the activity model of production operations 

management in ISA95 part 3. Except for the detailed production scheduling activity and product resource 

management, which we decided should not be covered by the MOM solution due to the small production 

quantities, all activities were relevant. The activities related to production dispatching, product definition 

management, and production data collection determined the scope of single microservices. Due to the 
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relatedness of production tracking and production execution, we decided to combine these activities in a 

single microservice. We also identified that most subprocesses (see Figure 2) required manual interaction of 

the worker. Therefore, there needed to be a way to convey recipe information. For this reason, we introduced 

another microservice, the operator guide that should cover this functionality. We specified the equipment 

interfaces (step 2b) using the results from step 1b as input. We used essential elements from the IEC62541 

to construct a lightweight information model in cooperation with the Automation Engineer. This lightweight 

information model consisted of four central nodes: machine state, machine input, machine output, and 

process measurements. The latter directly reflects the categories of the process specification in step 1b. We 

introduced the respective variables in each corresponding node. For the detailed design of the microservices, 

we analyzed the production operations information model of ISA95 part 2 with a focus on the requirements 

of our case. We identified that the model itself has the most relevant entities, such as product definitions. 

However, it does not provide the flexibility for deriving product definition quickly from existing variants. 

Therefore we designed a new semantic model as a development foundation (see Figure 3).  

 

Figure 3: Semantic Data Model 

We concluded the detailed design of the emulators (step 3b) by defining the behaviour of the equipment 

emulators. The VDI 3663 standard describes a detailed description of how simulations can be developed. 

Due to cost-benefit reasons, we decided against implementing a detailed physical simulation. Instead, we 

defined a range of reasonable values for each of the variables in the OPC-UA interface and a distribution 

function for statistically controlling value occurrences. We started the development activities by identifying 

artefacts that we already had available from previous projects and could be re-used to develop the MOM 

solution. These were the IIoT platform Virtual Fort Knox [19] including the integration middleware 

Manufacturing Service Bus (MSB) [20], a platform for creating emulators with OPC-UA and a lightweight 

MES from a partner organization. The MES could not cover all the required functionality for the defined 

operational procedures, particularly the management of experiments for single cells. However, it provides 

an API for controlling the functionalities for tracking and executing products through a manufacturing 

process which is why we used it as the solution for this microservice. We implemented the equipment 

emulators by transferring the equipment IT interface specification to an OPC-UA model using the SiOME 

modelling editor. The formal specification is the basis for instantiating an instance in the equipment 

emulation platform. The behaviour for each node was then specified by a separate configuration that includes 

the range, the distribution function, and the refresh rate. For the implementation of the MOM solution, we 

used an agile methodology defining a product backlog. We prioritized the implementation of a stub for each 

microservice that was able to be deployed on VFK. These stubs could communicate the most relevant 

information of the entities described in the semantic model via the MSB and were able to interact 

fundamentally with the equipment emulators. All microservices were further refined based on the feedback 

from the Production Engineers. As soon as an item of equipment arrived, we verified the integration of the 

equipment with the MOM solution. Apart from minor fixes, such as the OPC-UA security levels, we did not 

encounter issues. As one of the last steps, we integrated the workpiece carrier, for which we conducted three 

development sprints until no problems could be identified any longer. The final go-live of the battery cell 
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assembly line is still pending at the date of writing due to the safety certification of the line, which was 

affected by the COVID pandemic. 

4.2 Instantiation of the microservice-enabled MOM solution 

The instantiation that resulted from applying the proposed approach is presented in Figure 4.  

 

Figure 4: Overview of the MOM architecture 

The VFK platform provides the provisioning of computing in the form of virtual machines. In our case, we 

include an additional layer of virtualization by embodying each artefact in a separate docker container to 

simplify the deployment. In addition, the platform provides the basic service of managing users’ accounts 

for all microservices (identity management) and the MSB enabling the integration of microservices and shop 

floor equipment. The MSB also provides important security features. Only communication of registered and 

authorized microservices and equipment that passes over a secured connection channel is allowed. MOM is 

supported in our architecture through six microservices. The tracking and execution microservice allows the 

management of the process plans for battery cells. It tracks the progress of the cells through the individual 

manufacturing steps. The recipe management enables the definition of parameter variants for all individual 

process steps. Existing experiment setups can be used as templates. The battery cell dispatcher decides which 

cells are processed next. This is important as single cells can be extracted manually from the workpiece 

carrier. The carrier manager enables the placement of individual cells on the workpiece carrier. It allows the 

assignment of recipes to the single cells in the carrier. The operator guide conveys recipe information for 

processing the following cells to the worker. In addition, it allows the indication of process stops and starts. 

Data collection records all measurements during process execution (e.g. forces) with the context of the 

individual cell and recipe parameters. Our overall architecture also includes data storage and process analysis 

services, which are realized through pre-configured virtual machines for Grafana and InfluxDB provided by 

the VFK platform. Figure 5 presents the basic interaction sequence of our microservices-enabled MOM. 
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Figure 5: Interaction of microservices for experiment execution 

5. Evaluation 

In the following, we evaluate our approach and our instantiation by reflecting on our design and development 

experiences. 

5.1 Approach 

As our approach leads to an instantiation that, according to the feedback from the tests of our Production 

Engineers are covering the procedures adequately, we conclude that our approach can deliver effective MOM 

solutions on microservices. We see the merit of our approach on the one hand in the practical guidance by 

the incorporation of standards. ISA95 provided good advice for eliciting the functional requirements. On the 

other hand, the parallel use of emulators proved very valuable. Due to the global demand for battery 

manufacturing equipment, the delivery of our equipment was severely delayed. However, our emulators 

allowed us to verify our solution early. This showed during the integration of the workpiece carrier, for 

which we did not have an emulator but only interface specifications. In contrast to the actual manufacturing 

equipment in which only minor fixes were necessary, we needed three full days to integrate the workpiece 

carrier without any remaining issues. However, we also see the potential for improving our approach. The 

specification of the interface could benefit from OPC-UA companion specifications [21]. This would 

streamline the interface definition process and reduce the probability of issues even further.  

5.2 Instantiation 

Although the battery cell assembly line is not yet operational, we can already report from our experience 

regarding a necessary change for the MOM solution. In our design of the carrier management and the cell 

dispatcher microservice, the specification that we worked on with the Production Engineers only foresaw 

those stations would process the entire workpiece carrier as a whole or single cell. However, later during the 

project, it became clear that the workpiece carrier could not be placed in harsh environments like the washing 

machine or the oven. For this reason, trays on the workpiece carrier were introduced. The necessary change 
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could be implemented by the carrier manager and cell dispatcher without affecting any other services. With 

a monolithic solution, this would have had a high probability of breaking changes affecting other modules. 

However, we also experienced drawbacks from the microservices architecture. Testing is far simpler for 

monolithic architectures as the test setup does not have to spawn multiple hosts and technologies, as it is the 

case for a microservices architecture. Another related issue is changes that might be necessary due to security 

vulnerabilities. When the log4j flaw [22] was discovered earlier this year, this meant investigating all 

microservices and their dependencies. In a monolithic architecture, such investigations are easier to handle. 

6. Conclusion

Promising increased flexibility, microservice architectures are an attractive architecture style for MOM 

solutions. There are some attempts at implementing microservices production management solutions. 

Covering the lack of guidance for designing and developing such solutions for greenfield environments, we 

presented an approach building on industry standards. The approach incorporates a parallel design of 

equipment emulators and MOM microservices to be able to verify the solution as soon as possible, even 

when the equipment is not yet delivered. The ISA95 provides a valuable baseline for defining the operating 

procedures necessary for eliciting the functional requirements and segmenting the microservices. In a case 

study on a MOM solution for battery cell assembly, we could successfully develop a solution that covers the 

needs of the Production Engineers. Our experience with our instantiation indicates that flexibility can be 

achieved through a microservices-enabled MOM solution. However, there are also costs in managing 

complexity and testing that need to be addressed in future research.  
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Abstract 

The transformation of current business models towards offering product service systems (PSS) provides 

manufacturing companies numerous opportunities to consolidate or even expand their competitive position. 

Companies are confronted with the challenge of successfully designing this transformation process 

simultaneously. In order to approach the development of new business models and the transformation 

process, business model patterns and best practices provide a good first orientation for companies. However, 

these are designed to be industry-neutral and rather abstract when considering the actual processes. Thus, 

they do not offer any individual support to companies in the specific development of a business model and 

its required service delivery processes. Service delivery processes are part of a business model and describe 

activities that take place to provide services. Small and medium-sized enterprises (SMEs) in particular do 

not have the necessary time, technical and methodological resources to manage a transfer from abstract 

business model examples to an individual business model. This barrier often leads SME to remain with their 

traditional business model. 

Therefore, this paper presents a methodology for the detailed planning of service delivery processes. The 

designed methodology supports the phases design and implementation, which are part of the business model 

development. The methodology describes a structured procedure, in which relevant services first have to be 

identified. These services are then broken down into individual process modules on a second level. The 

modules are elements that can get combined to services. On a third level there are explicit process models. 

The process models are assigned to the modules and define the respective process steps and the requirements 

for the implementation. The approach is designed to support companies successfully transform to new 

business models for PSS by applying the detailed planning for services with specific modules that contain 

detailed process models and requirements. 

Keywords 

product service systems; business model transformation; process modeling; detailed planning; SME 

1. Introduction

Manufacturing companies, especially small and medium-sized enterprises (SMEs), face the challenge of 

consolidating or even expanding their competitive position in the increasing global market [1]. Ongoing 

digitalization and the development towards industry 4.0 drives and enables the transformation of current 

business models towards offering product service systems (PSS) and at the same time help companies to 

cope with the mentioned challenges [2,3]. A PSS is an integrated offer of one or more goods and services 

[4]. Companies are therefore increasingly concerned with the development of innovative business models 
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for PSS that include the actual product combined with integrated services as individual product solutions. 

This creates greater added value for customers through more customized products, while companies also 

benefit through, for example, closer customer ties and continuous contact during the service delivery phase 

[5]. However, regardless of the advantages PSS offer, e.g. in terms of competitive position, customer loyalty 

and customized product solutions, a large number of SMEs remain operating as traditional producers who 

sell the physical product as the main sales object and only in some cases offer individual services like repair 

and spare parts delivery upon request. One of the reasons for remaining with the traditional business model 

is the lack of time and the lack of technical and methodological resources which are required to overcome 

the barriers that are linked with the servitization [6,7]. Existing process models and business model patterns 

that can be used to develop business models for PSS provide a good framework for the development of the 

integrated services and offer methods for implementation. Yet, the existing process models do not provide a 

detailed support, especially for SMEs, as they are often designed to be industry-neutral and application 

neutral, thus rather abstract [8]. Therefore, this paper examines the research question "How does a 

methodical approach for detailed planning of service delivery processes to offer a PSS has to be designed so 

that SMEs can independently manage the business model transformation to offer a product solution 

consisting of the product and integrated services?”. For this purpose, chapter two first deals with a general 

overview of business model development and implementation, existing models, phases and methods and a 

summarized evaluation with regard to suitability for SME support. The actual methodical approach for 

detailed planning of service processes for manufacturing companies in business model transformation and 

its considered development procedure are presented in chapter three. Chapter four then summarizes the 

methodical approach, considering the research question, and provides an outlook on how it can be expanded 

and used further. 

2. Business model development and implementation – initial situation 

A business model generally represents the framework for all entrepreneurial business processes on an 

abstract level and serves as a management tool with the help of which the business activities can be described, 

analyzed and designed holistically [9,10]. It describes in an abstract way the architecture of value creation 

by mapping how a company creates, provides and protects value [11,12]. This can be seen on the middle 

level of the pyramid, which represents the levels of business model differentiation according to Osterwalder 

and Pigneur (see Figure 1). The strategy at the planning level determines the direction and scope for business 

models. The company-specific implementation includes the design of the business processes, which is 

executed on the implementation level [13,14]. 

 

Figure 1: Business model differentiation according to levels and characteristics based on [14] 

In order to achieve the strategic goals and taking into account the strategy as orientation as well as the scope 

for action, the business model development represents a core element for a successful transformation. More 

and more manufacturing companies are pursuing the goal of developing new business models, thus changing 

into PSS providers. This transformation requires the implementation of change management processes and 

innovation processes, which are initiated by means of the methods and tools specified in the process models. 
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In the literature and in practice, a variety of process models exists to support and guide companies through 

the development and innovation process. Gassmann et al. for example composed a database and procedure 

called the St. Gallen business model navigator which includes 55 innovative business concepts [15] to help 

companies develop new business models. Osterwalder and Pigneur also published a widely known guideline 

[15]. According to Lins et al., who analyzed different process models, 25 process models were selected from 

a literature research according to criteria such as, among others, providing real process models and a 

connection to digitization and industry 4.0 [8]. Within these selected models six general phases (preparation, 

idea generation, design, evaluation and selection, implementation and sustainment) for business model 

development were identified [8], which are fully or at least partially addressed by the various models. The 

start of the transformation process begins in the preparation phase which supports the companies to become 

aware and prepare for the transformation. This is followed by the creative process for new business models, 

their design and evaluation. When a new business model is selected it gets implemented, operated and 

continuously monitored and improved. The whole procedure is an iterative process and needs to be regularly 

run through by the companies in order to remain competitive. Most of the process models for business model 

development suggest practical methods and tools to support a successful realization of each process step. 

Thus, the authors provide tools like the business model canvas from [16] or supporting guiding questions, 

business model patterns (e.g. [17,15]) or software programs as possible methods [8]. Guiding questions can 

be used as reference during the transformation process while the business model patterns serve as input for 

the creative and development phase giving examples on actual business models or samples with abstracted 

models of different business models of different branches. Software-based tools (e.g. the business model 

configurator by [17] or the tool for the business model engineering by [4]) support automated the execution 

of the steps and its methods so that the user can manage the implementation of each of the phases more 

quickly and easily based on the stored databases and software processes. 

The evaluation of the analysis of process models for business model development by [8] shows that the 

detailed steps of the process models and the linked methods help the companies to understand the different 

and necessary steps well and to apply them more easily and correctly. It also underlines that business model 

patterns and best practices are a good orientation for the companies which want to renew their business 

model or want to develop a new one. But one occurring barrier especially for SME is the final and detailed 

planning of the processes for the new business model and its implementation because the existing process 

models are on an abstract level and industry-neutral so that the companies are not able to perform the transfer 

and the individualization on their own. As long as there is a lack of an individual development methodology 

with consideration of the existing internal processes and the strategic orientation of the respective company, 

the process models and its elements that are generally known in science have to be extended accordingly 

[18]. This can also be applied to the software-based tools, which are a good support but, like the underlying 

approaches, are on too abstract level to answer the research question. In addition, the approach must be easily 

and independently implementable by companies and contain solution-patterns that are understandable and 

can be individualized and transferred to the processes of the companies. In order to provide full support to 

companies, the solution-patterns and requirements for the chosen scope must be complete [8]. Therefore, in 

the following a methodical approach for detailed planning of service processes for manufacturing companies 

is presented, that supports the specific individual realization of service delivery processes for new business 

models. 

3. Approach for detailed planning of service delivery processes in PSS 

3.1 Research design and boundary conditions 

The approach for detailed planning of services should support companies by planning their service delivery 

processes in detail and get necessary requirements for the implementation. Therefore, the approach provides 
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a service catalog, which represents the core element. The service catalog includes solution-patterns in form 

of process modules with stored process models. These solution-patterns are created by applying the theory 

of inventive problem solving (TIPS also known as TRIZ) according to [19] as the considered research design 

and are then listed in the catalog. After the catalog got created it can be used by the companies to plan their 

new service delivery processes in detail. The procedure for the detailed planning by companies is 

methodically supported by applying the TIPS method with the new created solution-patterns. TIPS 

originated in Russia and describes a method to solve (technological) problems and innovation tasks. It 

follows the three hypotheses that abstract problems and solutions repeat independent of their field of 

knowledge, that similar patterns are the basis for many technical developments and that reasons for 

innovation are often made from external influences [19]. The theory includes two levels, the concrete and 

the abstract level. First a concrete problem is abstracted before an abstract solution for the abstracted problem 

is sought. In a third step the abstracted solution gets transferred to the concrete level and a concrete solution 

for the origin problem is developed [20]. The abstract description of the problem is carried out by 39 

predefined parameters while the abstract solution is generated from 40 defined principles. The TIPS 

principles and parameters were derived by analyzing several thousand patents and were then summarized in 

patterns which are represented by the principles and parameters. This means that the inventor of TIPS first 

sought concrete solutions (patents) for abstract problems, and then abstracted them. By collecting the many 

solutions and bundling them into patterns, it was then possible by following the known TIPS method to first 

generate abstract solutions for abstract problems and specify them in the final step. 

For the present research question the single parameters and principles are not usable, because they are based 

on technical contradictions and are not suitable for business model development [20]. But in accordance 

with the systematic of Lehner, who used this procedure for the solution-pattern-based development of 

business models for frugal innovation [20], the hypotheses and procedure to solve a problem almost 

automated with standard solution-patterns that are finally individualized are of huge interest and suitable for 

the approach of detailed planning. Therefore, the steps of creating the principles and parameters from 

concrete solutions according to the TIPS inventor will be first used as research design for creating new 

solution-patterns. The solution-patterns of services for the manufacturing companies consist of derived 

standardized and generally applicable process models which are combined and linked to modules and these 

modules to services. The detailed services are then listed in the solution-pattern-based service catalog (see 

Figure 2). And secondly the actual TIPS method is used as a process model for the companies to plan their 

service delivery processes in detail by applying the newly created solution-patterns (see chapter 3.3). 

 

Figure 2: Research design for creating solution-patterns for service delivery processes in adaption to TIPS 

To meet the requirements of specific and detailed process modules and process models, that can be used and 

individualized by companies especially by SME on their own, the methodology considers the following 

boundary conditions. By the fact that specific process models, which are designed to be realistic and detailed, 

are necessary as solution-patterns, which can be easily transferred to the own company, the approach defines 

a clear scope that is considered. In this case the scope is set for companies from the machines and plant 

engineering. Although, the general procedure of the approach to derive specific process models is applicable 
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for all branches and fields where service processes need to be developed, it is so first implemented for SME 

from the machines and plant engineering. This scope is set to have a clear area for analyzing which must be 

completely covered with detailed solution patterns. This focus is also laid of manufacturing companies 

because as mentioned before their need is to develop integrated services to act as a provider of PSS to stay 

competitive and in this branch, machines are often still seen as the actual technical products. The still 

predominantly classical and conservative manufacturing SME particularly need to get support in developing 

new business models for offering PSS to consolidate or even expand their competitive position in a 

globalized and digitalized market [21]. 

3.2 Solution-pattern-based service catalog to offer PSS 

The creation of the service catalog following the presented research design considers the two phases 

identification and derivation of a listing of suitable services (steps “problem” and “problem field” in Figure 

3) and creation of solution-patterns as process modules consisting of process models for the detailed planning 

(steps “solutions” and solution-pattern” in Figure 3). 

 

Figure 3: Process steps for creating a solution-pattern-based service catalog 

Starting from the concrete problem that companies are not able to develop and implement the necessary 

service delivery processes for new business models to offer PSS on their own, suitable services are 

researched and listed. The systematic literature research was conducted in the databases “Web of Science” 

and “Scopus”. It was carried out with terms which contain combinations of relevant search strings from the 

area product-service-system, such as product service system, servitization, industrial product service system, 

sales service or smart services, and from the area production, such as machinery, manufacturing or 

production. Also, the database of “Springer” was used with german search phrases like after sales service, 

product-service-system or services in combination with the term industry. After removing duplicates and 

reviewing the titles and the abstracts, 27 works are listed and present the basis for the creation of the listing 

of suitable services. The researched services are reviewed and then summarized and clustered. It is checked 

if services have common categories or if they are the same or synonymously used. In a next step the 

summarized list of services that clusters the services in different categories is filtered. To meet the boundary 

conditions, it was filtered by the following underlying criteria: 

- Is the viewed service a real performance (process) in the sense of a value proposition? 

- Is it a performance for which a customer might be willing to pay? 

- Is the service standardizable and transferable or only individually for a single company? 

- Does the service show a relation to production and manufacturing as well as a relevance for 

manufacturing companies? 

All services were evaluated according to these criteria. Finally, an overview in the form of a listing with the 

different selected categories and their subordinated services is derived and visualized. Categories 

corresponding to the criteria are, among others, monitoring, maintenance, operations, spare part 

management, installation, remote services, and trainings. 
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In the following the categorized and listed services get analyzed and broken down into individual process 

modules on a second level and these modules then into process models on a third level with concrete 

solutions (see Figure 4). 

Figure 4: Structure of the service catalog with examples 

Each service is reviewed in which modules it can be divided by using standardized descriptions of the 

services. For this purpose, norms, standards and technical literature (e.g., German Norm DIN, European 

Norm EN, VDI or VDMA norms) that describe the service or parts of the service processes in a standardized 

way are used as references. For example the service category maintenance can be divided, among others, 

into the services servicing, inspection, repair and improvement which can be divided into other modules on 

a more specific level on the basis of the DIN norm 31051 [22]. The subcategory servicing includes the 

process modules cleaning, readjustment, refilling, replacing and lubrication [22] (exemplary see Figure 5). 

In addition, more subdivisions according to the planning ahead and the used database are derived for these 

services and are compatible with the other modules. Following this general procedure, process modules for 

all services are derived. On a third level there are explicit process models which are assigned to the process 

modules. As with the subdivision of the listed services, the process models are created by further breaking 

down the process modules by using standardized descriptions. Each process module can be created by using 

one or combining more than one process model. 

The process models are the core element for the detailed planning. They provide all information about the 

processes step by step. The sequences are modeled and visualized which is done with the help of the method 

business service blueprint modeling (BSBM). The BSBM represents an approach for modelling service 

processes with customer interaction. For this purpose, it combines the standardized and well known notation 

of the business process modeling notation (BPMN) with the structure and layout of the method service 

blueprint (SB) [23]. Based on BSBM an uniform and customized template for describing and visualizing the 

process models is created. Accordingly, all process models are created with a starting point, defined process 

steps with specified order and necessary branching points, level of customer interaction and end point. 

Adapted from the SB and in consideration of services for offering PSS the possible forms of customer 

interaction vary from customer activity over provider activities with customer contact to provider activities 

in the background without customer contact. The process steps are arranged in the respective lanes by their 

level of interaction and are linked with arrows in the correct order. Additionally, special requirements for 

each process step are defined to support the implementation of new service delivery processes for new 

business models in the companies. The focus of the requirements is on the one hand on the competencies 

required to perform the process step and on the other hand on the necessary (technical) data and their 

properties for steps of data-based services. The requirements are noted for each step and are connected to it. 
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For the required competencies for the technicians who need to execute the process steps a literature research 

is carried out. As basis for the overview of possible required competencies the CDIO Syllabus v2.0 by [24] 

is used that defines in detail skills and goals for the engineering education by comparing the first version of 

the Syllabus with the UNESCO four pillars of learning and with national accreditation and evaluation 

standards of several nations [24]. These results are then aligned with the other approaches to competence 

management. The aligned competencies are evaluated against the last criteria that is defined for the 

evaluation of the services. It is checked if they show a relation to technical processes, production, 

manufacturing and (technical) data processing. Competencies for the common interaction with customers 

like e.g., kindness and language, are highly important for a service technician but they are taken for granted 

and are not part of the present approach. The other matching competencies are summarized in a checklist 

that facilitates the assignment of competencies to the process steps. Also, a checklist is given for the second 

group of requirements. Data as well as its correct capture and use are gaining in relevance for all services 

especially for smart services [25]. Therefore, the checklist mentions possible and exemplary data 

requirements. Among others, it should propose the type, origin and intake, the quantity and classification, as 

well as the evaluation of the data as points to be considered for each process step. The checklists for both 

groups of requirements serve as a help that for all steps the requirements are standardized assigned and that 

none are forgotten. Finally, a process model defines in detail the necessary process steps, their level of 

customer interaction and special requirements. 

 

Figure 5: Extract from the modularization of the example "maintenance" 

The solution-patterns of services for the manufacturing companies are created by combining the derived 

process models to modules and these modules to services. With this procedure the detailed and subdivided 

process models can get linked to one or more modules and services, because many of the generalist process 

models are part of different service delivery processes. The services and modules are listed in the service 

catalog as solution-patterns. By the fact that the process models, which contain all information of the required 

process steps and requirements, get combined to services and are linked to these, there are all information 

noted and visualized for each service. In this way the solution-pattern-based service catalog for the detailed 

planning of services to offer PSS includes the model of the ideal-typical process flow composed of the 

different process models and the requirements related to necessary competencies and data. It represents the 

input for the actual detailed planning of the service delivery processes by the companies. The catalog can be 

extended for another scope or other branches by following the steps of the methodology. 

3.3 Procedure for implementing service delivery processes by companies 

Manufacturing companies which want to plan a new business model in detail and implement it, often get 

through the business model development phases until they have to develop their individual processes und 
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structures in the companies. That means they create and evaluate ideas for new business models within the 

scope of the intern strategy and select one or more models for further processing. At that point in many cases 

they miss time, technical and methodological resources to transfer the ideas into real implementation projects 

and remain with their traditional business model. Therefore, the second part of the methodical approach is 

designed to support companies successfully implementing integrated service delivery processes to transform 

to a provider of PSS using the solution-pattern-based service catalog. The approach foresees to apply the 

TIPS method with the newly created solution-patterns to get the individual processes for the companies for 

the chosen service as individual solution (see Figure 6). 

Figure 6: TIPS-based procedure for applying solution-patterns for the detailed planning by companies 

Companies which already got through the creative phase of the business model development or already know 

their desired business model can check out the service catalog for their target service category and target 

services. By choosing the target service they get the deposited information including the ideal-typical process 

flow and the requirements related to necessary competencies and data as results which can be used for the 

next actions by the companies. In a next step they have to individualize and adapt the processes according 

to the own and individual conditions and situation. Simultaneously a matching and an analysis of the required 

competencies and data with those available in the company are carried out. At that point the companies do 

have all information about the required processes with individual process steps that can get implemented and 

it can be decided whether all requirements are met. If a deviation occurs during the matching and the analysis 

of the actual and the target situation the approach with its detailed information serves as a decision support 

e.g., whether to build up missing skills through training or buy them in, whether to outsource the entire

process or revise the idea of the selected business model again. This approach enables companies to

independently plan in detail and develop the existing or generated ideas for a new business model and thus

successfully move from the idea of a business model to its real implementation.

4. Summary and outlook

The transformation and the development of new or adapted business models is a current topic in practice and 

research supported in particular by the ongoing digitization and industry 4.0. Manufacturing companies are 

increasingly trying to transform their business model in terms of offering PSS by combining their physical 

product with integrated services. The business model in general serves at an abstract level as a management 

tool for visualizing, analyzing and developing all business processes required for value creation. Therefore, 

there is a variety of process models that aim at the development of business models and offer methods and 

tools for the transformation process. Although many methods and tools are mentioned there is a lack of 

support for the competence-based detailed planning and individual implementation of the new business 

models developed in the creative phases. This concerns especially SMEs, some of which do not have the 

necessary resources to perform that transfer on their own. This gap is addressed with the present methodical 

approach which is based on the solution-pattern-structure of the theory of inventive problem solving. The 

methodology foresees two procedures. The first describes the creating of the service catalog with process 
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modules and linked process models. The catalog provides information about the ideal-typical process flow 

and requirements for the process steps because each service delivery process is formed by a combination of 

different process modules, which in turn are composed of the derived elementary process models. The second 

procedure addresses the application of the service catalog by the companies to plan their business models in 

detail and implement the corresponding service delivery processes on their own. The approach provides 

relevant services with ideal-typical, detailed process models and required competencies, so that companies 

from the mechanical and plant engineering sector can directly test and independently implement the delivery 

processes of the new PSS. The procedure for creating the solution-pattern-based service catalog is generally 

valid and transparent, so that it can also be transferred and elaborated in further work to areas and service 

processes outside the set boundary conditions. Also, the requirements elaborated here, which are based on 

the boundary conditions, can be extended according to the needs of the target group in terms of the present 

procedure. In this way, the service catalog can be extended and can be used in fields and branches other than 

its original narrow focus. In future work a proof of concept must be further carried out with manufacturing 

companies for the application of the methodical approach for detailed planning of services to offer PSS with 

the specific focus set by the boundary conditions. For user-friendly use, the contents of the service catalog, 

such as categories, modules, process models and requirements as well as dependencies, will be transferred 

into a software-based tool. 
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Abstract 

The production of customized goods is becoming more and more important for industrial companies. The 

large number of variants resulting from this, up to batch size 1 production, requires a high degree of 

flexibility. To meet these requirements, manual production processes are frequently still used. This is 

especially applicable to the area of assembly. Data acquisition is a significant task in manual assembly due 

to volatile secondary activities and alternative handling operations. The process times to be recorded are also 

influenced both consciously and unconsciously by the employees. This paper describes an approach for the 

validation and interpretation of production data of manual assembly systems. Therefore, process data are 

analysed based on the use case of terminal strip assembly in the learning factory of the Chair of Production 

Systems at the Ruhr-University Bochum is presented. Here, the validation of the product data from 2021 is 

carried out by checking the data for normal distribution. This is followed by an analysis of the data with 

regard to the effects of spikes. Furthermore, the influences of a low data basis, different degrees of 

standardization and learning effects in the course of production are analysed. Finally, a discussion on the 

findings and further procedures will take place. 

Keywords 

Process time acquisition; Production planning; Manual assembly; Factors of influence; Validation 

1. Introduction

Industrial production is increasingly subject to the change from a supplier's to a buyer's market. Product life 

cycles are becoming shorter and the number of product variants is increasing. [1, 2] In addition, labour costs 

are rising and demographic developments are leading to a shortage of skilled workers [3]. In connection to 

the increasingly demanded of high flexibility and adaptability, this means a great challenge for manual 

assembly. In the field of manual assembly, there is still no automated acquisition and real-time-capable 

evaluation of production data for dynamic production control [4, 5]. One reason for this is that manual 

operations are often used where tasks change volatilely and a high degree of adaptability is required. In 

addition to these workflows, which are rather difficult to predict, individual approaches of people also 

predominate. Often, a lack of standardization in SME production environments is an additional factor here. 

Finally, data acquisition must not mean any additional work for employees, in order not to increase the 

proportion of secondary activities. Furthermore, the privacy rights of employees must be given priority.  

In this conflict, both the continuous data acquisition and subsequent filtering as well as the interpretation of 

the KPIs do not mean a proper representation of the production system. In addition to the high process 

diversity and changing environmental conditions, the diverse human factors, such as motivation, learning 
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behaviour and fatigue, pose a particular challenge for analysis and conclusions. Especially the acceptance of 

production data acquisition systems in production environments dominated by humans requires accurate data 

and key figures. With regard to the validation and analysis of data, there are approaches in the area of 

automated machines. The data captured automatically by means of sensors can be examined with regard to 

trends and distribution functions. Furthermore, approaches such as the DOE are state of the art in the analysis 

of technical systems. [6] Here, individual parameters of the systems can be varied and examined with regard 

to their model. This is not possible in the real production process of a manual assembly. 

For this reason, in this paper an approach for the validation and interpretation of production data of manual 

assembly systems is presented. Therefore, the state of the art in the field of data acquisition, processing and 

evaluation in manual assembly is discussed first. Then, process data are analysed based on the use case of 

terminal strip assembly. Here, the validation of the product data from 2021 is carried out by checking the 

data for normal distribution. This is followed by an analysis of the data with regard to the effects of spikes. 

Furthermore, the influences of a low data basis, different degrees of standardization and learning effects in 

the course of production are analysed. Finally, a discussion on the findings and further procedures will take 

place. 

2. Process time acquisition in manual assembly systems 

Manual assembly systems are often used where tasks change volatilely and a high adaptability to the 

changing circumstances is required. At the same time, due to this high flexibility, there is a challenge to be 

able to plan and control this type of work process efficiently with regard to productivity targets. [4, 5] In 

contrast to automated production, manual assembly systems are subject to a large number of influencing 

factors which have an impact on the assembly time as an important KPI. As illustrated in Figure 1, in addition 

to product and process properties as well as the design of the supplier network and the assembly system with 

its environmental conditions, primarily human factors influence the actual execution of the assembly task.  

In the context of production planning, an assembly process is initially derived from the existing product 

properties and the design of the manufacturing system. In relation to the product, its complexity should first 

be mentioned as an important factor influencing the process time. The authors Samy/ElMaraghy [8] define 

a significant correlation between increasing product complexity and increased assembly effort. The 

complexity measure described here depends, among other things, on the number and geometries of the 

components. Other important factors are the required tolerances and the type of product structure. [9] The 

process properties are directly dependent on the product properties. One of the most important influencing 

factors is the level of standardization [10, 11]. The manual processes are often found in SMEs. Especially in 

these companies with only a few employees, the workflows are less standardized and the workers often have 

a more diversified range of tasks. The lower the degree of standardization in the assembly system, the greater 

the possibilities for individual operations by the employees. This makes it more difficult to capture operating 

data accurately. Furthermore, the scope of the process and the process complexity are relevant factors [10, 

11]. Within the context of assembly, this complexity results from energetic and informational activities. 

According to Schlick, assembly involves precise movements with low forces and can therefore be classified 

as a rather energetic task with an informational proportion. [12] In particular, the technological and content-

related process diversity as well as the number of assembly operations are major complexity drivers [13]. In 

the category of production system, the number of workstations and their layout have a major influence [1, 

13]. In this context, the differentiation between one-piece flow and batch production is also important [1]. 

Finally, the required equipment and supplies [13], as well as ergonomic aspects, are also significant. 

Subsequently, the environmental effects of the assembly system are also relevant for the work being 

performed. These include first and foremost the fundamentals defined in DIN 6385 "Principles of 

ergonomics for the design of work systems" with regard to the aspects of temperature, light or even air purity. 
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[14] Also, the framework conditions related to scheduling and network aspects have an influence on the 

actual activity carried out. The order volume [10] and the order sequence need to be mentioned as well. 

Furthermore, delivery dates and the delivery reliability of suppliers in particular influence the work of the 

employees. This also includes the number of suppliers and the quality of the components [13].  

In addition to these technical influencing factors, it is primarily the human factors that have an impact on 

the assembly processes actually carried out in manual production systems. In the context of this examination 

these are classified into the categories of qualification, learning, stress, fatigue, motivation and well-being. 

[10, 13] In addition to basic qualification [15], learning in production is a particularly important influencing 

factor [16, 17]. In the production environment, learning usually means a decrease in processing times and 

material consumption over time. This occurs due to repetitive work operations and the increasing experience 

of the employee as a result. This relationship was published by Wright as learning curve theory. Assuming 

unlimited time and a constant learning rate, it can be observed that the average cumulative value per product 

decreases by the same rate when the number of products is doubled. [16, 12] In line with current knowledge, 

this correlation has been adjusted so that an average learning curve for a batch can be characterized by 

processing times which initially decrease steeply and then more slowly as the number of units increases. 

Based on the non-constant learning rate, a level of saturation finally results. Such learning effects occur 

especially at the beginning of a batch, which is why they are of particular importance in the production of 

small batches [18]. Furthermore, the more complex the activity, the steeper the learning rate [19]. In addition 

to the learning effects, the aspects of stress and fatigue [10] as well as motivation and well-being also have 

an influence on the assembly time [20]. These aspects are based on the four levels of Maslow's pyramid of 

needs. This was further developed by Landau according to production-specific issues [20]. Thus, the activity 

should first be theoretically feasible. Based on this, Landau describes the tolerability that can be achieved 

by designing occupational safety according to the state of the art. Finally, an activity that can be performed 

on a permanent basis is expected to be reasonable. This third stage involves a human-oriented work design 

as well as a fulfilment of the employees' expectations. Finally, the goal of the fourth stage is to achieve a 

high level of satisfaction by ensuring the development of personality as well as social acceptance. [20, 21]  

 

Figure 1: Factors of influence in manual assembly systems  

Considering this complex relationship, it is not surprising that it can be seen in practice how the actual 

process deviates in principle from the specifications of the assembly planning. Even if the same target of 

assembly of two or more components is achieved, it is still an individual variation of the specified work 

process.  [7] Therefore, real data from the assembly system are essential for efficient production control in 

terms of production data acquisition. From the diverse constraints in manual assembly, a high level of 

complexity can be derived for the design and implementation of a production data acquisition system (PDA). 
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This must consider the volatile activities as well as the fluctuating environmental conditions and at the same 

time must not disrupt the workflow or lead to increased secondary workloads. Still, it must be observed that 

no supervision of the employees takes place and at the same time an objective data basis is ensured. [4] Here, 

the principles of the data quality requirements defined by Fox, such as accuracy and reliability, must be 

considered [22]. Also due to these aspects, the most commonly used methods for capturing process times 

are the direct conversation with employees and the use of forms and reports by means of simple software 

tools [23]. In addition to self-recordings, multi-moment measurements and, time studies according to REFA 

continue to be the most common time determination methods in the industrial environment [24]. These are 

usually associated with a large initial effort as well as expenses in case of changes. The acquired data must 

then be processed. First, outliers and implausible values must be filtered out, and then a validity check must 

be performed. After Dekena, the box-plot method is suitable for filtering data in a production context [25]. 

In order to examine the validity of random variables with a continuous probability function, different tests 

are suitable. Common methods are the χ2-test, the KS test or the Cramér-von-Mises test. [26] The procedure 

includes first the choice of a suitable model. Furthermore, the parameters of the model are estimated on the 

basis of observations and graphical methods [26]. Thus, certain probability distributions can be inferred. In 

this case, the model of normally distributed random variables is of special importance [27]. The normal 

distribution is usually seen in populations and can be used to describe the random dispersion of measured 

values. Besides determinations in natural sciences and medicine, this unimodal distribution is often strongly 

asymmetric, especially in the context of mechanical engineering. The normal distribution is usually seen in 

populations and can be used to describe the random dispersion of measured values. Besides determinations 

in natural science, this unimodal distribution is often strongly asymmetric, especially in the context of 

mechanical engineering. In the case for positive, right skewed distributed data, the natural lognormal 

distribution is applied.  Here, the higher frequencies are located on the left side. [28, 30] In manual assembly 

systems, many small random influences overlay each other multiplicatively. This leads to the assumption 

that, from a certain amount of data, a normal distribution can be observed in the process times. Furthermore, 

since each assembly task is subject to a strictly physiological limit, a right-skewed distribution is to be 

expected. This corresponds to a logarithmic distribution. Thus, a variable to be examined is log-normally 

distributed exactly when its logarithm is normally distributed [29]. For verifying the log-normal distribution, 

the data values are first logarithmised and then the normal distribution is tested [30].  

In this context, the Kolmogoroff-Smirnoff test is used to examine the normal distribution. With this 

goodness-of-fit test, the empirical distribution function is compared with the theoretical normal distribution. 

The advantage of this test is the lower effort and a good result even in case of a small number of data values 

compared to the χ2-test [31]. This test can be used to check whether a random variable follows a previously 

assumed probability distribution [32]. In order to verify for normal distribution, the maximum perpendicular 

distance of the cumulative values is compared with a critical value. The calculation of the critical value 

depends on the significance level and number of samples [31]. In the literature, the significance level is often 

set between 0.01 and 0.1 [33]. It defines the range of rejection. When the sample is within this range, the 

null hypothesis of normal distribution is rejected. Accordingly, the smaller α is chosen, the greater the 

probability for the result of the investigation to define the data set as normally distributed [34]. 

3. Examination by means of the case study terminal strip assembly 

The approach for validating and interpreting production data of manual assembly systems is explained below 

using the use case of terminal strip assembly of the Chair of Production Systems. First of all, it must be 

determined whether the use of the production data acquisition system has resulted in valid production data. 

This is the basis for using the data for the calculation of KPIs and production control. Furthermore, the data 
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are examined regarding to the influencing factors. In addition to the expected log-normal distribution of the 

process values, this includes, the analysis of learning curves as well as malfunctions and measurement errors. 

 

3.1 Experimental setup and test procedure 

The terminal strip assembly can be assigned to the area of small parts assembly with a high diversity of 

variants. It is exemplary for other manual assembly processes in mechanical engineering. The assembly 

system is operated in cooperation between the Chair of Production Systems and the company Phoenix 

Contact GmbH & Co KG and represents an industrial environment with real orders. [35] The first step in the 

production of terminal strips is to cut the rails to length. These are then transferred to workstation 1, where 

the terminals are mounted on the rails. This is followed by the labelling at workstation 2, where small labels 

are applied. After that, the assembly of circuit bridges takes place at workstation 3. Subsequently, the desired 

functionality of the terminal strip is ensured by quality tests at workstation 4. Workstation 5 is used for pre-

wiring the terminal strips. The final workstation 6 serves to package. [35] The assembly is carried out by 

two experienced employees who are supported by an assistant during peak loads. The process times of the 

assistant are not considered. The product portfolio of the terminal strip production comprises 70 variants, 

each consisting of a unique composition in terms of the number and variation of terminals, labels, circuit 

bridges and other components. In 2021, 31 of these variants were produced between 10 and 1173 times. 

In the scope of this examination, the production period from 07.01.2021 to 03.12.2021 is considered. A total 

of 8799 terminal strips were produced, of which 5740 were recorded by the PDA. This results in an 

acquisition rate of 65.23%. The reasons for the non-recorded values of about one third of the products consist 

in the non-consideration of the process times of the assistant as well as in technical aspects during the 

introduction and smaller revision steps of the PDA. Ultimately, the familiarization of the employees with 

the new system, especially at the beginning, also meant for a lower acquisition rate. The processing times 

were recorded for each assembly part process using a tablet-based app. The processing times for every 

assembly station are recorded for each order and product. In addition to these productive times (operating 

state production), the pause times and non-productive times, such as setup, rework or malfunctions, were 

also recorded. In the period under review, 85% of the data relates to the operating state production, 10% to 

pause times and 3% to setup. The data volumes of the other operating states comprise less than 1%. The 

subsequent validation of the production data focuses on the production times of the terminal assembly, 

labelling and bridge assembly stations, since this is where the assembly activities take place. In this way, a 

total of 63% of the productive times of the assembly system are analysed. 

With regard to the general conditions under which the investigations were carried out, it can be stated that 

the influencing factors shown in Figure 1 with regard to the categories of process properties, production 

system and environmental effects were constant during the period of investigation. The product properties 

are liable to the variance that is defined by the range of parts. In relation to the category order planning and 

network, the factors part quality and number of suppliers are fixed. In the course of real production, changes 

occur continuously with regard to order-specific aspects such as order sequence, order volume, deadlines 

and delivery reliability. The changes in these parameters can be considered in the analysis with the help of 

the PDA and digital order planning. The category of human factors is constant in terms of qualification. The 

parameters learning, stress, fatigue and motivation continue to fluctuate depending on the current boundary 

conditions and individual constitutions of the employees. These cannot be measured directly. However, 

conclusions can be drawn from the collected process data, so that indirect statements can be made about this 

during data analysis. Furthermore, the aspect of well-being cannot be measured with the used PDA system. 
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3.2 Presentation of results 

Consequently, the processing times at the three stations are examined for validity on the basis of the 31 

different terminal strip variants. For this purpose, the entire data set is first filtered using the box-plot method. 

Figure 2 initially shows that the variants were produced in varying numbers and frequencies in 2021. 

Furthermore, there is an data acquisition rate for each variant. The terminal strip variants are sorted in 

ascending order with regard to their assembly complexity. The complexity depends primarily on the number 

of different components, the total number of components and their properties. [36] A more complex variant 

tends to be more complex to assemble, which is also reflected in the processing times. The average 

processing times per station is 201 s for terminal strip assembly (labelling: 202 s, bridge assembly: 114 s). 

 

Figure 2: Evaluation results 

As shown in Figure 2, the procedure for validating process data of manual assembly systems described in 

Chapter 2 results in a normal distribution rate of 90% for the terminal assembly station. Out of the 30 variants 

considered here, the distributions of the recorded assembly times of 27 variants are log-normally distributed. 

A similarly high rate of 93% was obtained for the station labelling. Here, sufficient data were also collected 

for 30 variants to check the normal distribution. Thus, 2 variants are not log-normally distributed. The third 

assembly station, bridge assembly, in contrast, has significantly less data. Here, all recorded production times 

are log-normally distributed.  

 

Figure 3: Processing time histograms of terminal assembly (x - not log-normal distributed) 

3.3 Evaluation and discussion 

When taking a closer look at the individual histograms, a bell-shaped or right-skewed, logarithmic 

distribution can often be seen (see Figure 3). This pattern of the distributions allows the conclusion that it is 

valid process data. Furthermore, conclusions can be drawn about the production process and the data 

acquisition method. The frequently observed right-skewed distributions of the process values are shown as 

an example in Figure 4 using the histogram for the data of variant 8197399-03 of the station labelling. In 

relation to this variant, 529 products were produced in the period under review with an average batch size of 

21 pieces. The acquisition rate is 87% and the median processing time is 234 seconds. The exemplary 
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distribution of the measured values, which is characteristic for the majority of the data, can be distinguished 

on the basis of three different areas. It should be noted that these areas are not subject to a strict separation, 

but rather a flowing transition.  

The first area contains the lowest values up to 200 seconds. Here, a strong increase in frequency can be seen. 

In connection with the median of 234 seconds, this leads to the conclusion that the majority of the values in 

this area must be the result of technical measurement errors or incorrect usage of the PDA, since a processing 

time lower than 200 seconds is not achievable even for a skilled worker. This "physiological limit" can thus 

be seen in the majority of the histograms. In contrast, realistic values can be assumed in the second area. 

This area contains the majority of the recorded values and always includes the median of the processing 

time. Nevertheless, there is also a scattering of values between 200 and 260 seconds. This can be interpreted 

as normal performance fluctuation in manual assembly. In this example, the third area of the histogram 

contains all process values from 260 seconds and includes significantly fewer data values compared to the 

second area. For the majority of the recorded distributions, a staircase-like decrease in the frequencies with 

increasing processing time can be seen here. This is probably due to disruptions in the production process 

and problems with the assembly task. However, data resulting from incorrect operations can also be found 

here. Another reason for increased process times in this area can be learning effects. In the context of this 

variant with a high production frequency, this means a rather small influence.  

 

Figure 4: Histogram of the processing times of the terminal strip variant 8197399-03 at the labelling station 

In contrast to this example, five data records do not correspond to the log-normal distribution. A closer look 

at the measured values shows specific reasons, which will be discussed in the following using the four 

categories incorrect usage of the PDA, average processing time, lack of standardization and low data basis. 

 

Figure 5: Terminal assembly of variant 1021640-03: a) Production order processing times; b) Histogram; c) Log-

normal distribution 

First of all, as with the explanation of the measured values from the first and third area, the incorrect usage 

of the PDA should be mentioned as a source of error. This can be seen particularly in the example of variant 

1021640-03 (see Figure 5). The main reason for the non-existent log-normal distribution here is the process 

data of a few orders. This becomes clear when looking at Figure 5. Here, all 31 completed jobs of this 

terminal strip variant at the terminal assembly station are plotted. As also shown in the histogram, the 

majority of the measured values are in the range of 200 to 400 seconds. The median is 284 seconds. However, 

there are also 2 jobs with many physiologically unrealistic values below 200 seconds and a large number of 

process values above 400 seconds. In total, this means that no log-normal distribution prevails here.  
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The second category is the average processing time of the assembly activity. This is particularly evident in 

the example of the labelling of the terminal strip variant 102640-03 (see Figure 6). Here, the median of the 

processing time amounts 117 seconds. Basically, the histogram shows a similar distribution to the example 

in Figure 5. Nevertheless, the difference here is the significantly shorter processing time, which means that 

disruptions in the operating sequence and operating errors have a greater influence. With long processing 

times of several minutes per product, these are less significant than with such short processing times. 

 

Figure 6: Labelling of 1021640-03: a) Production order processing times; b) Histogram; c) Log-normal distribution 

The third category includes the error source of lack of standardization (see Chapter 2), which can be seen in 

particular in the example of the assembly of terminal strip variant 8195786-03. Figure 7 shows that two out 

of three production orders recorded have a clearly different average processing time. The difference in the 

processing time corresponds approximately to the duration of the processing time for bridge assembly. In 

both cases, no data is given for the bridge assembly, which leads to the conclusion that the employees have 

assembled the bridges already at station 2. This correlation is noticeable because of the few orders with little 

data, so that the box plot filtering does not apply.  

 

Figure 7: Labelling of 8195786-03: a) Production order processing times; b) Histogram; c) Log-normal distribution 

The fourth category includes this context of a low data basis. The terminal assembly of variant 1027086 is 

selected here as the example (see Figure 8). Here there are three different orders with an average batch size 

of 867. The median processing time is 76 seconds. An examination of the histogram shows that the 

malfunctions and failures are much more significant here than in the case of more complex variants. Another 

reason for the larger number of high process values could also be a learning effect, since this variant was 

only ordered three times.  

 

Figure 8: Terminal assembly of variant 1027086: a) Processing times of the individual production orders; b) 

Histogram; c) Log-normal distribution 

For further investigation of possible learning effects, an exponential regression line was calculated for the 

respective data of the production orders. If the algebraic sign of the gradient is negative for these functions, 

it can initially be concluded that there has been an average improvement in processing times in relation to 
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the individual products of a batch. Thus, in 75% of the 465 production orders examined, a reduction in the 

processing time per product can be observed in the course of the work progress. This can be differentiated 

in relation to the individual stations. This shows that 68% of the orders for terminal assembly have a reduced 

assembly time in the course of processing (78% for labelling, 86% for bridge assembly). There may be 

various reasons for this. According to Buck, in addition to the learning effect, changed work processes can 

be mentioned here, for example. Thus, learning effects cannot be proven here, but only disproved. [37] 

4. Conclusion and Outlook

In summary, it can be stated that the data acquired in the field of terminal block assembly can be considered 

as valid. This becomes particularly clear when looking at the distribution of frequencies in detail. This 

finding is an absolute basis for further analysis of the data set with regard to the influencing factors in manual 

assembly described above. This paper already provides important approaches for this. In addition to the 

identification of a physiological limit of the processing time, it could be shown that the influence of 

malfunctions in the operating process as well as incorrect operations increases with decreasing processing 

time. Finally, it was also shown by means of an example that a high degree of standardization is absolutely 

necessary in order to be able to calculate useful key figures on the basis of valid data. Furthermore, a small 

data basis means that the box plot method is less suitable for filtering the process values. When looking at 

the individual assembly orders, it has also become clear that a decreasing processing time per product with 

increasing work progress can be observed for the majority of the assembly lots recorded. This leads to the 

suggestion that there may be some form of learning. Here, a further assumption is that this effect occurs 

more strongly with increasing product complexity as well as with increasing batch size. In addition to this 

aspect, the influence of pause times and the influence of delivery deadlines will be the subject of further 

investigations. However, due to the complex correlations between the influencing factors, often only 

assumptions can be made. For a more precise analysis of the causes of human factors and for the creation of 

effect models, extended PDA systems and systematic experiments are required. The aim is also to vary and 

investigate influencing factors that were still set as fixed in the present use case. These include, among other 

things, the involvement of additional employees, the variation of the order sequence, and the modification 

of the process sequences, for example with regard to batch or piece production. 
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Abstract 

Recent events such as the COVID-19 pandemic or the Ever-Given accident in the Suez Canal, which have 

led to local product shortages and negative social and environmental impacts, highlight the need to build 

resilience in areas that are highly affected by such events: in cities. One aspect of a multidisciplinary concept 

of resilient cities is the local manufacturing of physical products, which currently is mainly based on globally 

complex supply chains. The resilience of a city can be impaired if the supply of consumer goods can no 

longer be guaranteed, e.g., due to the fragility of supply chains. From this perspective, one of several 

pathways to a more resilient city is the emerging movement of open production sites (so called Fab Labs), 

where physical products can be produced or repaired in a distributed way by the consumers themselves. In 

metropolitan areas such as Hamburg, Fab Labs form networks including makerspaces, open workshops and 

educational institutions – so called Fab Cities. This article highlights the role of Fab Labs with regards to 

urban resilience and displays the capability of the Fab City Hamburg to contribute to the resilience of the 

city. To explore these capabilities in a pilot study, semi-structured interviews were conducted with makers 

and operators, and different Fab Labs were explored via participant observation. This article demonstrates 

that Fab Labs can contribute to a resilient city - especially from the perspective of manufacturing capability 

but also regarding the development of technical education. However, there are clear limitations with regards 

to the vertical range and manufacturing diversity. 

Keywords 

Resilient City; Urban Production; Production Sovereignty; Fab Lab; Fab City 

1. Introduction

The COVID-19 pandemic has affected people around the world and, in some cases, drastically changed local 

living conditions. Contact restrictions and other limitations have been introduced to contain the spread of the 

virus. This has had a major impact on cities and their inhabitants, where, in many places, public life has been 

reduced to an absolute minimum and normal life was disrupted. 

Despite these measures, very high numbers of COVID-19 cases occurred locally, leading to supply shortages 

of consumer goods, personal protective equipment and other devices (e.g., lung ventilators) especially early 

in the pandemic [1]. In the case of personal protective equipment one reason was that countries (specially in 

Asia) which manufacture personal protective equipment needed the equipment for their own needs at the 

start of the pandemic (e.g., China manufactures four-fifths of the world's protective clothing) [2,3]. However, 
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it also became apparent that manufacturers outside the Asian region did not have the needed capacity and/or 

infrastructure to respond adequately to this high and short-term demand [4]. 

A similar lack of resilience through our global supply chains has occurred in the Ever-Given accident in the 

Suez Canal in March 2021, which had blocked the canal for six days. The problem was not so much the 

breakdown caused by the individual ship, but the six-day closure of one of the world's most important 

shipping channels. In total, 422 ships jammed and failed to reach their destination on time, causing delivery 

delays and damage to industry, wholesale and retail. This resulted in an estimated loss of supply of around 

9 billion euros per day [5,6]. 

In both cases, entire countries were caught more or less unprepared due to the short lead time and immense 

and continuous demand for equipment. These problems manifest themselves especially where large crowds 

gather. In cities, there is a lot of contact with people in public spaces, a continuous and high demand for 

physical products, and at the same time, usually little manufacturing activity in the center. On the other hand, 

there are also large supply chains, but as the examples of COVID-19 and the Suez Canal show, they can be 

vulnerable to external impacts. These problems and resulting impacts on cities could even intensify in the 

future, as forecasts indicate that 70% of  the global population will live in cities by 2050 [7]. 

For this reason, governments, scientists, urban planners and other actors have been coming up with concepts 

to make cities more independent (e.g. from global trade networks) and resistant to external influences (e.g. 

climate influences). The main contents of such concepts, which can be summarized under the term urban 

resilience, include new regional cooperations, new neighborhood developments and promoting civil society 

engagement and co-production.  

Such approaches also exist in the Hamburg metropolitan region, where physical products have already been 

developed and manufactured by citizens. This approach, which is practiced in Hamburg and other cities 

globally, is called Fab City. In this paper, we present insights from the Fab City Hamburg and show what 

contribution Fab Labs can make to increase a city’s resilience in terms of production, innovation and 

education in order to be less dependent on external influencing factors. 

2. Theoretical Background 

2.1 Resilience and Resilient Cities 

The concept of resilience is not a new notion and has its roots in the Latin word "resilire", which describes 

the ability of an entity or system to elastically restore its form and position after a disturbance or disruption. 

But as clear as its origins seem, as ambiguous seems its current definition. The polysemous concept of 

resilience varies in its meaning depending on the discipline, whereas this work focuses on urban resilience 

or resilient cities. The literature on this is numerous and has grown rapidly, especially in the last few years, 

with just about 40% of the total publications with the keyword "urban resilience" emerging in 2020 and 2021 

[7]. For a detailed look at the definitions, see Merrow 2016 [8]. 

In their review of smart solutions and technologies during the pandemic, Sharifi et al. use the definition of 

the National Academies of Sciences, Engineering, and Medicine as a basis, as it combines different 

approaches and disciplines. According to this, resilience is defined as the capability to prepare and plan for, 

absorb, recover from, and more successfully adapt to actual or potential adverse events [9,7]. Sharifi et al. 

note that resilience is an approach to the management of socio-ecological systems that aims to develop an 

integrated framework to bring together the (often) fragmented, diverse research on disaster risk management 

[7]. In their review, Masnavi et al. [10] studied the exploration of the concept of urban resilience for use in 

urban planning and focused in detail at the conceptualization of a resilient city. As they explain, a common 

aspect of many approaches is the ability to withstand, resist and respond positively to pressure or change. 
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In addition, Patel et al. concluded, that resilience is not only about restoring functionality, but also about 

correcting existing social, political and economic structures that may have increased vulnerability and 

limited the ability to cope with the crisis [11]. It is also essential to note that resilience is not a rigid concept, 

but a dynamic set of conditions and processes [12]. 

The German Institute for Standardization has also published an ISO standard entitled "Sustainable cities and 

communities - Indicators for resilient cities" [13], which describes the concept of a resilient city in detail. 

Thus, by maintaining and restoring essential basic structures and services in a sustainable manner and 

through risk management practices, a resilient city is able to withstand, absorb, manage, adapt, transform 

and recover from the impacts of shocks and stresses [13]. 

In the meantime, numerous policy papers and reportings have been published, providing practical guidelines 

for making a city or region more resilient. Examples of this include the memorandum "Urban Resilience - 

Ways to create Robust, Adaptive and Viable Cities" of the German Federal Ministry of the Interior, for 

Building and the Home Affairs (BMI), which serves as a guideline for contemporary urban policy in 

Germany and Europe. It contains ten recommendations for action to increase a city's resilience, e.g., 

promoting civil society engagement and co-production or utilizing the potential of the neighborhood level 

[14]. Another example is the vision of the German Federal Environment Agency for a "City for Tomorrow", 

in which, for example, higher resource protection and more space for encounters are addressed [15]. 

A commonly shared aspect, when defining the term urban resilience or resilient city is an emphasis on the 

human factor and the contribution of human centered systems towards a city’s resilience, i.e. its ability and 

performance to anticipate, prepare, react, adapt and recover [16,17,12]. Based on these findings, the 

following working definitions of key terms of urban resilience is used for this paper: 

• Anticipate - A city has the ability to foresee external changes. 

• Prepare - A city has the ability to prepare for upcoming changes of external influences. 

• React - A city has the ability to react at short notice to changes of external influences. 

• Adapt - A city has the ability to adapt to changes of external influences in the long term. 

• Recover - A city has the ability to recover from negative external influences.  

2.2 Maker Movement, Fab City and Fab Labs 

One approach to increase a city's resilience can be fostering technological literacy in conjunction with the 

creation of easy access production opportunities. This idea is part of the so-called Maker movement, 

originating from the USA, which focusses on self-production or community-based production of goods by 

prosumers (production by consumers) [18]. This new way of value creation offers potential in the areas of 

education, innovation and production [19]. In this movement, education (especially technical literacy) is 

fostered by an experimental learning environment, including rapid-prototyping methods of new product 

designs. In open-source communities, socio-technical contexts can be understood and evaluated and 

knowledge can be shared and accessed. This is a creative basis for innovation, as one's own problems can be 

better translated into technical and novel solutions through newly gained and existing knowledge. With this 

bottom-up approach, individual open source physical products (so called Open source hardware) can be 

developed and manufactured by their future users. “Open source hardware is hardware whose design is made 

publicly available so that anyone can study, modify, distribute, make, and sell the design or hardware based 

on that design” [20–22]. While the Maker Movement is more about fun, fabrication and community, essential 

content has been incorporated into the Fab City approach [23,24]. 

In the Fab City approach, founded in 2014, production is brought back to the city and carried out in the local 

neighborhood [25]. The goals of this city network (there are already 38 official Fab Cities distributed around 

the world) include greater independence from complicated transport logistics, sharing open (production) data 

in the network, building up or recovering technological literacy and developing new technologies at the point 
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of need. The actual production in the neighborhood takes place in open production sites, so-called Fab Labs, 

with the help of easy-to-use digital production machines (e.g., 3D printers, CNC mills, laser cutters) [26]. 

Fab Labs are places where people can work creatively, innovate and produce physical products [27]. They 

provide access to production infrastructure for the local population through their equipment of hand tools 

and digital production machines. Besides individual products, small batches can also be produced, as 

exemplarily demonstrated by the production of face shields and masks during the COVID-19 pandemic 

outbreak in many places [28,29]. The term Fab Lab was first initiated at the Massachusetts Institute of 

Technology in 2002, and since then the number of such places has been growing rapidly: according to the 

Fab Foundation, a US non-profit organization for supporting the international Fab Lab network, there are 

already over 2000 such places worldwide. 

Fab Cities with Fab Labs should be clearly differentiated from other innovative production approaches, 

which focus on raising the competitiveness on the market, such as frugal production or reconfigurable 

production systems [30,31]. The core strength of Fab Cities with Fab Labs is the triad of education, 

innovation and production as a whole. Fab Cities are more than innovative production approaches. Fab City 

“is about radical transformation, it is about rethinking and changing our relationship with the material world, 

in order to continue to flourish on this planet” [25]. 

Fab Labs and Fab Cities already provide an infrastructure that allows local innovation, urban production and 

knowledge building by everyone. However, full resilience of a city is clearly beyond the capabilities of a 

Fab Lab or current Fab Cities. But the need for a (more) resilient city is becoming increasingly clear. 

Therefore, the question arises: What contribution in terms of education, innovation and production can Fab 

Labs in Fab Cities make to achieve resilience in a city? In this paper, we present insights and results on the 

analysis of capabilities of the Fab City Hamburg based on selected Fab Labs. 

3. Methodology 

A qualitative and exploratory research approach with mixed-methods using data triangulation of semi-

structured interviews and participant observation has been chosen for answering the research question. This 

approach was chosen since no data on this topic in cities is available in literature, therefore data was 

empirically collected as part of this study. According to R. K. Yin [32], a single context has been chosen. 

This is justified by the unique situation of the COVID-19 pandemic in combination with the Fab City 

approach, which is still not widespread, allowing data to be collected in a state that was previously 

inaccessible to scientists. 

To explore the contribution of Fab Labs to increasing resilience, Hamburg was chosen as the research 

subject. Hamburg is home to more than 15 Fab Labs and other open production sites. Since 2019 the city 

has officially been part of the Fab City network. In the Fab City Hamburg, five universities and research 

institutions, three different authorities and various employees and volunteers are busy building a physical 

and digital infrastructure to be able to produce in the urban space of the city. Combined with the single 

context and the study of a single phenomenon (contribution of Fab Labs to increasing resilience) with 

multiple embedded and independent units of analysis (Fab Labs in Hamburg), this is an embedded single-

case design. 

Data was collected qualitatively in July 2021 by means of semi-structured interviews in nine Fab Labs with 

a total of 18 participants. For this purpose, an interview guideline was created with different questions that 

have an influence on resilience in the areas of education, production and innovation. These include internal 

lab processes, internal and external knowledge management, flexibility and speed of decision-making paths, 

demand messages, cooperation and collaborations, as well as production processes and planning and control 

systems in the respective Fab Labs. 
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The interviews were recorded in audio, anonymized, transcribed and evaluated and compared using 

qualitative content analysis according to P. A. E. Mayring [33]. This type of methodology was chosen in 

order to provide comparability between statements and information on the same topics through the semi-

structured nature. At the same time, the semi-structured nature offers a great deal of freedom for interviewees 

to comment in greater depth on a subject, allowing the interviewer to gain new insights and internal 

knowledge. 

One lab manager and one maker were interviewed per Lab. The group of people was intentionally limited 

and selected this way because we want to explore the influences on resilience and related events on site in a 

Fab Lab (shopfloor). The nine Fab Labs fall into three main categories: government/university Fab Labs, 

community-driven Fab Labs, and corporate Fab Labs. On the one hand this division was made to obtain the 

different views of a Maker or Lab manager for an individual Fab Lab. On the other hand, the categorization 

of the Fab Labs is necessary because significant factors with regards to people, technology and organization 

(e.g. financing, personnel, users, equipment, organizational structure and process organization, aim) differ 

significantly (for overview see figure 1). Since Fab City Hamburg continues to be in the making and only a 

few actors from the Maker Movement have contributed to this area so far, the interview partners from the 

three categories were chosen partly (2 Fab Labs) from the Fab City Hamburg environment, but mostly (7 

Fab Labs) independently. However, the core statements of the interviews contained the same content, and a 

theoretical saturation was recognizable. 

 

Figure 1: Research object 

Additionally, as the second method of our mixed-methods approach, each Fab Lab was observed in a 

participatory (purely physical presence) and open manner. This observation was also conducted in a semi-

structured manner using semi-structured observation guides to ensure comparability but also the possibility 

of deeper insights. The main focus of the observation was on the machines on site, which allowed to draw 

conclusions about the actual production capability. The results were systematized for the individual Fab Labs 

and the three main categories and documented in sub- and main tables. The evaluation was also carried out 

using qualitative content analysis. The mixed-methods approach combined with data triangulation and the 

large number of different Fab Labs and interview partners (in Hamburg) was chosen to best reduce potential 

bias. 

4. Analysis and Results 

In the following analysis, the findings and insights from the interviews and participant observation are used 

to evaluate the contribution of Fab Labs in the areas of innovation, production, and education promoting 

urban resilience. We see innovation, production and education as part of the solution to respond to the five 
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identified fields of resilience. For this purpose, the definition derived in section 2.1 for building a resilient 

city, including the five sequences anticipation, preparation, reaction, adaption and recovering, is used to 

examine the contribution Fab Labs offer to building a resilient city in the dimensions of education, innovation 

and production (see figure 2). The processes behind each dimension are not considered as they are very 

individually dependent on the implementation of these dimensions by the actors. By deriving the dimensions 

through the already existing processes which were observed show the effectiveness and feasibility of the 

processes. 

 

Figure 2: Intersection between resilience and Fab Labs 

4.1 Education support 

As the interviews show, the preparation of upcoming disturbances is supported by the Hamburg Fab Labs 

offering production spaces which are openly accessible, as well as offering openly organized workshops to 

transfer knowledge on how to use these spaces in terms of configuration of available machines and usage of 

computer aided design and development tools. These workshops reach from build workshops all the way to 

soldering, sewing and laser-cutting workshops. They take place at the labs directly and are organized for 

members of the local community as well as externals. 

During the COVID-19 pandemic, it became clear that these workshops are essential to the use of Fab Labs, 

as they can uniformly bring a group of interested parties of six to twelve people to the point of being able to 

independently operate a machine as well as the associated software. For 3D printers, such a workshop lasts 

between two and four hours and can already be conducted with teenagers. Through these workshops as a 

preparatory measure, it was consequently possible to put people in a position to subsequently help as a 

workforce. In addition, participants then have the skills to use the site to develop and try out technical 

solutions, building further knowledge independently. 

In addition to such workshops on the simple use of machines, there are also build workshops that are 

conducted throughout the community and usually rely on the use of open source hardware. The conducted 

build workshops represent the process of local replication of open source hardware designs. This openness 

enables a deeper insight into the technical fundamentals of the hardware as such and provides opportunities 

of re-designing as well as repairing the hardware. The workshop offers are mostly bundled and available on 

one particular day of the week (so-called open lab day). Through these open offers and the collaborative 

organization of these workshops by the community and managers, knowledge is passed on to the civilians, 

technical literacy is built up and promoted, and the resilience of a city is fostered through the possibility of 

self-production of consumer products and machines. 

Interviews with the lab managers, particularly in community-driven fab labs, have shown that the lack of 

professional staff to organize and conduct these workshops and the financing of the activities are the most 
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common issues hereby. This problem is much less prevalent in corporate Fab Labs, where personnel 

capacities for workshops are more limited (due to lack of time). Another problem is the low level of 

cooperation between the Fab Labs. There is no Fab Lab in Hamburg that has a strategic cooperation with 

other Fab Labs, which means that resources (including resources for workshops) can only be used 

inefficiently. 

“Unfortunately, there is no real cooperation. It's just a bit, when we are overloaded, I send our students 

somewhere else to print. But cooperations unfortunately not.” - University Fab Lab manager 

The constant documentation of this knowledge is essential for the use of open knowledge and the (machines 

building) workshops already described. Accompanied by the offer of open educational resources provided 

by Fab Labs in Hamburg, the knowledge is thus digitally available and regardless of location. Lessons 

learned throughout shock periods are accumulated in the described open-ended manner and can be used for 

new learning cycles. Thus, the skills learned are retained and provide a long-term basis for responding to 

new events. Such concepts are essential to form an educational basis to build up preparational and 

recoverable resilient structures in cities. As the interviews have shown, the documentation of this knowledge 

is still a widespread problem, since the existing knowledge is insufficiently processed and summarized for 

posterity, which currently still leads to difficult learning conditions. 

4.2 Innovation support 

Fab Labs offer a significant contribution to fostering innovation, through their open workshop, whereby 

users have the opportunity to develop technical solutions to problems and produce prototypes. This gives 

rise to new products that can subsequently be used in the local area. Users are supported in their innovations 

by innovation consultants or by the lab managers, who are available to answer questions about machines and 

technical solutions during the respective opening hours (open lab days). However, it is also apparent that 

insufficient funding and a lack of knowledge mean that the potential of this advice cannot yet be fully 

exploited. 

Fab labs in conjunction with open source hardware offer great potential for innovation, as the designs of 

these products are available digitally and may be adapted by any user. The knowledge of a larger community 

lead to quick design adjustments and improved products. Fab Labs also offer a way to quickly develop and 

try out new prototypes (similar to the lean startup approach of "build, measure, learn"). According to the 

interviews, in Hamburg this knowledge and opportunity was massively used during the COVID-19 

pandemic, when Face Shields and Face Masks based on an open source hardware design were developed, 

refined, and produced in several Fab Labs (especially base-funded university Fab Labs). This rapid reaction 

enabled the products to be adapted to local (especially climatic and regulatory) constraints and subsequently, 

in conjunction with the manufacturing infrastructure, to supply several hospitals in Hamburg, Schleswig-

Holstein and Madrid. [28,29] 

“A colleague then presented the first adapted concepts for the face shield, for example. Then we went into 

the first prototype phase, where we tried to see what could be printed and how, and how the whole process 

could be optimized. Then again a bit of try and error. First attempts at how we can stack things for 

maximum effectiveness. And then it worked.” - University Fab Lab user 

The innovation potential described above can also be found in the area of adaptation and recovering, where 

technical solutions can be (further) developed to meet local needs. An example from an interview with a 

manager of a university Fab Lab shows the potential of local communities in idea competitions, where the 

citizens are invited to contribute to specific topics where new innovative solutions are needed, or existing 

solutions are optimized or redesigned based on local gathered requirements. 

This community-based innovation process operated and curated in Fab Labs supports the city's ability to 

prepare for upcoming events by designing new technical solutions, to react to events by deploying the 
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solutions in a rapid way and to adapt flexible to new states of urban settings. In doing so, the open innovation 

cycle is iterative and always adapts to new circumstances, which can also go beyond a state of shock. 

4.3 Production support 

The creation of a responsive and adaptable city infrastructure is supported by Fab Labs through the provision 

of small open physical production facilities and machines. This production infrastructure provides a lever 

for action to produce needed products locally and as far as possible without dependencies in the global supply 

chain. This allows us to build and maintain a production sovereignty that enables us to manufacture physical 

(simple) everyday objects. The big advantage here is the low variance of the raw materials: for example, the 

single raw material (filament) of the 3D printer can be used to produce a very wide variety of products. 

The machines in a Fab Lab vary but are mostly standardized. The most important machines as well as the 

materials to be machined, typical machining times and typical usage of the machines (based on the 

interviews) are shown in table 1. Fab Labs cover a large scale of plastic processing tools (especially through 

the use of 3D printers). In addition, metal and wood are other materials that can be processed locally. 

However, the interviews show that there are limitations in the processing complexity. The given degrees of 

freedom in processing are typically limited to 3 axes (x, y, z direction) in the examined machines (for 

example 3-axis CNC milling machines). In terms of the value of the machines, it has been shown that 

university and corporate Fab Labs tend to have more financial resources to purchase higher quality and 

multiple machines related to a manufacturing process. In community-driven Fab Labs, on the other hand, 

there are many cheaper machines or self-built solutions (as open source hardware) that are, however, very 

well adapted and appropriate to their area of application. 

Table 1: Machines in Fab Labs 

Digital machines Materials Processing time Dissemination Usage 

3D printers 
Plastics (especially 

PLA, TPU, ABS) 
Hours to days Very high High 

Laser cutters 
Especially wood, 

plastics, metal 
Minutes High 

Very high (most 

used machine) 

CNC mills and 

lathes 

Wood, plastics, 

partly metal 

Minutes, 

partly hours 
Medium Medium 

Vinyl cutters Vinyl, paper Minutes Low Low 

Circuit board 

printer 
Circuit boards Minutes Low Medium 

3D scanners Any Minutes Low Medium 

 

Due to these restrictions, there are clear limitations with regards to the vertical range of manufacture, which 

is additionally restricted by the quality of the machining. However, these machines are perfectly adequate 

for the production of physical products where lower quality requirements are placed on the machining and/or 

only simpler geometries are used. As a current example, the production of officially approved face shields 

in larger quantities (up to 5,000 face shields per week) with 3D printers and laser cutters in a single Fab Lab 

should be mentioned [28,29]. In addition to the manufacturing of physical products, the existing machines 

and tools can also be used for the maintenance and repair of goods which support the city’s resilience 

recovery process. 
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With regard to the possible output of a Hamburg Fab Lab network (i.e. Fab City Hamburg) and the ability 

to react to external influences, the potential of a distributed and networked production infrastructure with 

Fab Labs was also analyzed. The interview results show that Fab Labs as locations see themselves as 

independent organizations with mostly no manufacturing organization.  

“There is almost no production organization structure at all. [...] For example, someone in his telegram 

group throws something into the room about what needs to be done or an idea about what we can do, and 

then we talk about it. This is then organized somehow.” - Community Fab Lab manager 

Fab Lab managers and Makers are also primarily focused on a single Lab. This leads to manufacturing that 

is currently not very efficient, since, as the interviews show, machine capacities are unnecessarily kept on 

hand and/or not used. However, the individual Fab Labs cooperate regionally with actors such as universities, 

schools, SMEs or associations in a cooperation network, but as shown not in a production network. 

In addition to the physical infrastructure, some of the Hamburg Fab Labs (especially university and 

community driven Fab Labs) host and use open-source software tools for design and development of open-

source hardware (e.g., image processing programs or CAD/CAM software) or for operating their 

organization (e.g., open source cloud software and development platforms with built-in version control). 

Through this use, Fab Labs can offer digital infrastructure for production systems which stays digital 

sovereign and flexible used by community members and external partners to create and exchange knowledge. 

In terms of the five resilience sequences, this offers advantages particularly in preparation, reaction and 

adaptation, since the software infrastructure cannot be easily deactivated from the outside, e.g. in a defense 

case. It also ensures that the knowledge (e.g. designs, production data) stored on the local servers and in the 

local software applications is available for the long term. The interviews showed that such a data structure 

is currently under development, especially in the university and community-driven Fab Labs. 

Besides the production capability, the factor of decision-making process in Fab Labs is important for the 

flexible reaction and adaptation in a resilient city. This process depends on the legal and organizational 

structure. The observed community driven Fab Labs in Hamburg are operated as associations. Decisions are 

made by consensus at the board or member level. For larger and strategic decisions, there is usually a two- 

to four week lead time to vote on issues that need to be decided. This circumstance is an obstacle to 

flexibility, though it is a very democratic process. In commercial and university driven labs, decisions are 

made by the responsible lab managers or delegated to corresponding employees. The consistently small-

scale organizational structures of these Fab Labs enable fast and flexible decision-making, which contributes 

to an optimized implementation process when needed (see face shield and face mask production during the 

COVID-19 pandemic in [28,29]. In general the effort of processes is very dependent on the organizational 

structure of the actors. 

After providing an overview of Fab Labs' contributions to resilience enhancement, the following section 

discusses key findings and identifies limitations. On this basis, the authors recommend a research agenda for 

future in-depth investigations 

5. Discussion and Research Agenda 

The aim of this paper was to elaborate in a pilot-study the role and capabilities of Hamburg Fab Labs as a 

contribution to making Hamburg a resilient city. As displayed in the analysis, the production capacity and 

product variety of the Hamburg Fab Labs is still very limited. Currently, only the processing of simple 

geometric products and/or products with lower quality and quantity requirements is possible. Furthermore, 

especially the community driven labs are currently facing the major issue of personnel shortage. This is 

partially due to the difficulty of funding, which is why the work is largely based on volunteer labor. 

University and corporate driven labs do not/less have the problem.  

200



 

 

Even though their potential is currently greatly reduced e.g., by a lack of cooperation among the individual 

labs, especially the regional cooperations deriving from singular Fab Labs can still have a larger impact on 

strengthening a city as such [34]. As seen in the analysis, the Fab Labs in Hamburg have several ways of 

contributing towards the resilience of the city of Hamburg. Through their flexible adaptation and quick 

reaction, they play a significant role when it comes to Hamburg’s ability and performance to prepare, react, 

adapt and recover. Anticipating structures, however, are not covered by Fab Labs as they do not have 

capabilities of foreseeing external disturbing events or shocks. Especially within the area of material 

processing, Fabs Labs in general prove as great support with regards towards a city’s resilience. Additionally, 

the innovational and educational contribution of the Fab Labs are important factors when it comes to 

strengthening urban resilience. 

It must be kept in mind that resilience is a concept which is rather abstract. There can never be “the resilient 

city” [35] and furthermore, a city will never become resilient by the mere existence of Fab Labs and the 

Maker Movement. Nevertheless, it can be noted that Fab Labs in general can contribute to strengthening a 

city's resilience to certain events, such as shortages of certain products or natural disasters, by keeping a 

production infrastructure in the neighborhood, by sharing knowledge, and as places of rapid and adaptive 

innovation. As general key potentials of Fab Labs are the areas of education, innovation and production [19], 

the main findings (both advantages and disadvantages) of this study can be applied to other Fab Labs as well. 

However, since this study only refers to selected Labs in the Hamburg area, it is recommended to take a 

closer look at other facilities. A comparative study that includes additional German and European cities 

would underpin this concept. A focus can be placed on comparing regions with and without a Fab Lab 

network or a strong Maker movement.  

However, this pilot study is also just the start of data collection. To more deeply understand the Fab Labs’ 

contribution and potential, we specifically propose the following research agenda, first for the Hamburg area 

(for deeper understanding), and subsequently in further national and international (Fab) cities with a wider 

range of interview partners (both in terms of number and in terms of orientation, e.g. adding municipal 

partners or corporate partners):  

1. Product Design & Production:  

How can easier-to-use and more digitized (open source) machines enable Fab Labs to achieve a 

greater design complexity, greater production depth, and greater output? 

Which effect has an improved strategic collaboration and networked production planning and 

control systems on the output of Fab Labs?  

2. Education and interactions:  

How do Fab Labs influence local neighborhoods and the technological literacy of users?  

What further potential do Fab Labs bring within these areas? 

3. Finance: 

Which new funding models for staff, particularly in community Fab Labs, that support on-the-

ground work, are suggested?  

Which further limitations within the labs’ volunteer work occur?  

Which types of financing models are recommended for Fab Labs, allowing short-term and flexible 

use without membership or other obligations? 

4. Further sectors:  

Which influence do Fab Labs have on further fundamental sectors such as healthcare, waste 

management or food? 
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6. Conclusion 

This paper evaluates and reflects on the role and capability of Fab Labs in the Fab City Hamburg as a 

contribution to a resilient city. In order to investigate this concept in a pilot study, semi-structured interviews 

and participant observations have been conducted in nine different Fab Labs within city. The results of these 

interviews and observations have been compared with the current state of research towards creating a 

resilient city. For this purpose, a working definition of a city's resilience, including the ability and 

performance to anticipate, prepare, react, adapt and recover, was defined and cross-referenced with the 

current contributions of local Fab Labs in the areas of education, innovation, and manufacturing. The data 

and results presented in this paper suggest that Fab Labs can have a strong contribution towards a city’s 

resilience. In particular, the ability to build technical knowledge locally in the neighborhood, to develop 

technical innovations alone or in groups, and to subsequently manufacture prototypes or physical products 

are main drivers towards forming a resilient city, which are strengthened and enhanced throughout Fab Labs. 

These drivers form the core of the Fab Labs` contribution to support cities in their approach to resilience. 

However, this study also highlights the limitations of Fab Labs for example in the manufacturing context 

with regards to manufacturing depth and diversity. Future work within this area should include studies 

focusing on other (inter-)national cities with a wider range of interview partners and different stakeholders. 

Essential will be further research on production machines and networks, funding for human resources and 

Fab labs, and influences on education and neighborhoods to more deeply understand the contribution of Fab 

Labs to urban resilience. 
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Abstract 

Production systems must be more resilient and adaptive due to mass customization and increasingly external 

disturbances, such as supply chain disruptions or changing policies. As the last chain in the production value 

stream, assembly systems are especially prone to fluctuations, leading to alternative and more flexible 

assembly system designs. Online scheduling is a crucial component for dynamically controlling a flexible 

assembly system. 

This work presents a modular software architecture that interfaces between online scheduling agents and 

control systems. A standardized data model of the assembly system allows for exchanging different 

scheduling agents during the planning or operation phase. Applications are benchmarking competing 

algorithms, validating scheduling results by comparison, and seamlessly substituting or updating scheduling 

algorithms. The standardized data model and interface on the assembly system side facilitate the transition 

between planning and operation. A simulation model can be interchanged with a control system without 

extra effort to integrate the control system's scheduling agents. Additionally, the modular architecture 

enables production-parallel simulation to optimize the running system by evaluating and executing 

alternative scenarios. 

The long-term assembly system performance can profit from the modular architecture by updating the agent 

during production with advances in online scheduling algorithms (e.g., machine learning). Furthermore, the 

modular architecture enables the required resilience and adaptability by fast switching from simulation to 

real control systems and supporting system optimizations during operation. 

Keywords 

Production control; software architecture; adaptive assembly; online scheduling; simulation 

1. Motivation

Various global trends in production technology push producing companies towards being more resilient and 

adaptive: Customer’s demands are increasingly volatile and individualization is an ongoing change driver. 

[1,2] Additionally, the recent pandemic still disrupts globalized supply chains and causes a shortage in 

semiconductors for production systems. [3] As a consequence, production systems and especially assembly 

systems, as the vulnerable last piece in the production chain, need to be adaptive and resilient to changes. 

[4,5] A solution are alternative assembly systems that break with the traditional concept of takt time and 

linear transfer in classical assembly lines. Examples of such concepts are matrix assembly systems [6,7], 

modular assembly systems [8], agile assembly systems [9], or dynamically interconnected assembly systems 

[10]. The break-up of linear transfer in those flexible assembly systems allows job routes that can be 

determined individually for each job. The allocation of processes at work stations for the jobs along the job 
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route can occur dynamically and with short reactions times. A consequence of the greater flexibility with job 

routes and the more dynamical character is a greater complexity in the landscape of software components 

for planning and control of such assembly systems. Also, in those systems changes in the product mix or 

disturbances, due to rework, missing components or worker shortages, are occurring in high frequency. 

[11,12] Therefore, online scheduling is a relevant task in such assembly systems. Machining systems are not 

considered, due to the significantly longer process time, less disturbances, and consequently less need for 

frequent re-scheduling or online scheduling.  

Following the complexity and the demands from online scheduling, multiple specific challenges for 

interfacing the different software components arise: During production in dynamical assembly systems with 

many disturbances, online scheduling algorithms must ensure the efficient job allocation. [13] These 

algorithms must cope with the complexity and temporal variability of boundary conditions. Therefore, 

traditional rule-based heuristics are not applicable and machine learning (ML) algorithms need to be applied. 

[14] These machine learning algorithms for online scheduling need to be connected to the control system 

that requests solutions for job allocation problems. The machine learning models are trained with simulation 

models that enable the generation of large datasets, required for machine learning training. Due to the 

significant computational time needed for most machine learning models they are trained before production 

[14] or with delay until deployment during production [15]. Consequently, in both cases an interface needs 

to enable the communication between the required simulation models and the online scheduling algorithms. 

Additionally, during training, a benchmark of different algorithmic approaches supports the choice over an 

algorithm. During production, alternative parametrizations or algorithms can be tested and deployed for the 

application with the control system. This demand for exchangeable online scheduling algorithms also results 

in an interface between the algorithms and the control system or simulation model. 

A possible solution for these complexity-driven challenges could be a modular and standardized software 

architecture that seamlessly connects the online scheduling algorithms with the simulation and control 

components during planning and production. In the next chapter 2 the state of the art in scheduling and 

control architectures, the derived research question and in brief the applied methodology are described. 

2. State of the Art and Methodology 

Literature presenting research regarding online scheduling primarily concentrates on the performance 

improvement or evaluation of scheduling algorithms, for instance, with the application of deep reinforcement 

learning techniques, but not on the integration in dynamical assembly system planning and control. [16–19] 

The existing literature on architectures for production planning and control for flexible production systems 

focuses on adaptive architectures as multi-agent systems in different heterarchical or hierarchical structures 

[20–22] or cloud manufacturing paradigms. [23,24] In those architectures, an agent is defined as a computer 

system embedded in an environment, which has the ability to perform autonomous actions to achieve 

predefined goals. [25] Online scheduling algorithms are included as agents connected to the shopfloor 

environment (e.g. [26]). Other potentially suitable architectures present modular control systems that 

incorporate approaches for online scheduling. [27] The presented control architectures typically focus on 

integrating online scheduling algorithms in the production phase and not on the application of the agents in 

the planning phase through connection to simulation environments. However, as explained above, 

simulations are indispensable e.g. for training ML algorithms. Therefore, a large body of literature 

integrating online scheduling algorithms into simulations exists (e.g. [28,29]), but neglects the integration of 

the proposed algorithms into existing control systems. 

As a summary, existing architectures contain agent-based approaches that enable a modularity for the 

scheduling agents and they provide interfaces for the superordinate planning or control systems. But, the 

reviewed architectural approaches either focus on the application of online scheduling in connection with 
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simulation models that run independently from real production systems. Or they only focus on the 

application in multi-agent systems that are connected to the shopfloor during production. Therefore, the 

deficit can be concluded that online scheduling agents cannot be connected to simulation models during 

planning or ML training and not to control systems in a multi-agent system approach during production with 

the same interface in current architectures. In other words, in the analysed literature, no dedicated software 

component for independently managing online scheduling requests and decisions. The following research 

question can be derived from this deficit:  

How can the seamless connection of various online scheduling agents with planning and 

control systems be enabled? 

To answer this research question the developments focus on newly overall new architecture, the required 

components and the necessary standardized interfaces. The well-established multi-agent system paradigms, 

including modular scheduling agents [20–22], already existing interface data models for transferring data in 

online scheduling scenarios [27–29] and principles of service-oriented architectures [30,31] are incorporated 

and used for the new architecture concept. 

The following chapter 3 presents the modular software architecture to address the above-stated deficit on a 

conceptual level. Two representations are used for this. First, a software architecture oriented overview on 

the components and their interfaces is given and described in detail. Second, an incorporation of the 

components in the layers of the Internet of Production reference framework is presented to provide a different 

perspective from production technology. The subsequent chapter 4 presents an implementation and testing 

of the conceptual architecture. The overarching structure of chapters 3 and 4 is based on the methodology of 

software and model development with the phased of formalization (conceptual model), implementation 

(executable model) and experimentation (testing results). [32]  

3. Conceptual Modular Software Architecture 

Figure 1 presents an overview of the modular software architecture. The proposed architecture is divided 

into two phases and two layers. In the system layer, the simulation module and the control system represent 

the digital version of the assembly shopfloor. The simulation module is applied to train machine learning 

models for online scheduling. Furthermore, independently of online scheduling, the simulation can evaluate 

assembly system alternatives, which is applied mostly during planning, but also during production to 

optimize the system. The control system, or manufacturing execution system, is responsible in the production 

phase to monitor and execute assembly or auxiliary processes at work stations, buffers, or the transport 

system. In a flexible alternative flexible assembly system as explained in the motivation, a job route needs 

to be scheduled during production respectively during simulation run time. After a process step, the job 

might have a variety of next process-station combinations as potential alternatives. 

The simulation or control system gathers the required information in a data model for decision-making. This 

data model needs to comprise all relevant static parameters describing the overall system configuration and 

dynamic variables representing the current system state. The parameters and variables need to fully represent 

the three system categories products (e.g. jobs allocated at processes and work stations), processes (e.g. 

progress, sequence, durations) and resources (e.g. transportation system, buffers, work stations states). The 

data model is standardized to allow interoperability. The ontology-based definition enables a standardized 

meta-model of digital twins as a connected data model. (cf. [33,34]) The interface methods are implemented 

continuously through the planning or production phase, i.e. in simulation and control systems. The methods 

are responsible for connecting to the scheduling layer. A scheduling request sends the data model of the 

assembly system.  
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The scheduling server, as a crucial part of the architecture, builds the interface between the system layer and 

the scheduling agents. It processes the scheduling request and forwards it with interfacing methods to one or 

multiple scheduling agents. Due to their independent decision-making and potential ability to learn in 

exchange with the environment, the term scheduling agent is chosen. 

 

 

Figure 1: Overview of the modular software architecture for online scheduling. 

 

In addition to communication functionalities, the scheduling server abstracts repetitive and simple tasks from 

the scheduling agents to reduce time-to-response. In case of trivial scheduling problems with only one 

station-process combination, the scheduling server can directly respond to the system layer with a scheduling 

assignment without addressing the scheduling agents. Another encapsulated task in the scheduling server is 

deadlock resolution. Deadlocks in online scheduling occur, for instance, when two jobs cross request the 

current station of the respective other job. In such cases, the scheduling server must force a scheduling 

decision or send a job to an intermediate buffer to free a station. As deadlock resolution is not a specific 

scheduling problem, but more a general production control issue, the abstraction avoids unnecessary 

communication and duplicate implementation in the scheduling agents. 

The decision-making to provide a scheduling assignment occurs in the scheduling agents. As described in 

the motivation, various scheduling agents can be deployed: A random agent as a random performance 

baseline for algorithm comparison, a heuristic agent with rule-based logic, or agents applying machine 

learning techniques such as deep reinforcement, unsupervised or supervised learning. The type of machine 

learning technique is independent for the scheduling server as it communicates via the request and 

assignment messages. The scheduling agents can be seen as suppliers of scheduling-as-a-service in the 

modular architecture. 
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The scheduling decision is a process-station combination. The scheduling agent returns it to the scheduling 

server, which replies to the interface methods that supply the results to the simulation or control system. 

There, the results are used to execute simulated or real processes or actions. For instance, during production, 

the scheduling decision triggers a handling unit and a transport system to move the job to the next work 

station. 

As an alternative representation, Figure 2 shows the modular software components from Figure 1 in the 

layers of the Internet of Production framework. [35] In comparison with Figure 1, this representation aims 

at the allocation of components in an existing reference framework. The underlying intention is to prepare a 

wider application of single components beyond the current online scheduling application. Examples would 

be a usage of the simulation model and the interface methods for the optimization of factory layouts or 

application in intralogistics as described in more detail in the last chapter 5. 

In the following, the allocation and purposes of the software components in the different Internet of 

Production layers are described briefly. The system level provides the scheduling problem and the shopfloor 

data. The interface methods act as a middleware+ that is capable of connecting the different software 

components. The scheduling server and the data model reside at the integration layer to provide multi-modal 

access to the online scheduling agents. They are responsible for decision-making and autonomous actions to 

provide the scheduling assignments in the smart expert layer. 

 

Figure 2: Incorporation of the modular software components in the reference framework Internet of 

Production for the production technology perspective (based on [35]). 
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The components and interface methods from the conceptual architecture presented in Figure 1 are 

implemented in infrastructure of the machine hall of the Laboratory for Machine Tools and Production 

Engineering (WZL) of RWTH Aachen University. The machine hall is equipped with several robots, manual 

work stations and automated guided vehicles. The software infrastructure consists of a Robot Operating 

System (ROS) middleware and the Message Queuing Telemetry Transport (MQTT) protocol for distributed 
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Technology (IPT) [27] is connected to the MQTT communication broker. 
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In Figure 3 in the top right corner, a section of the machine hall and the COPE user interface are visualized. 

The machine hall is represented in a discrete-event simulation model, created with Tecnomatix Plant 

Simulation, as shown on the top left. 

Both, the simulation model and the COPE control system integrate the interface methods. The interface is 

set up with the Flask micro-framework, offering standardized RESTful Hypertext Transfer Protocol (HTTP) 

commands for transferring JavaScript Object Notation (JSON) files for requesting and assigning scheduling 

decisions with the HTTP methods POST and GET, respectively. The scheduling server was created with the 

high-level Python web framework Django, offering classes and methods for setup up the addressable web 

server. Within the scheduling server the functionalities of resolving deadlocks by enforcing sub-optimal 

scheduling decisions and solving trivial scheduling problems are also implemented in Python. In Figure 3 

two excerpts of the content of request and assignment JSON files are shown. For the request, the file contains 

the name of the to-be-scheduled job as an identifier and the NextStation and NextProcess variables with the 

value -1, indicating a scheduling demand. Not listed in the excerpt is the current information about the 

assembly system with all current status of resources (robots, transport, manual work stations, etc.), other 

jobs and processes. In addition to the live date, static data that contains the overall system setup, such as 

locations of work stations, is included in the request. The assignment reply consists of the job name (COM-

PRD-002) and the station-process combination (COM-ROB-004 and COM-PRC-015). The nomenclature of 

these strings follows a JSON scheme, i.e. three letters or words and predefined letters, e.g. for the robot 

station. This scheme is defined the meta model, to allow standardized data formatting (according to [33]). 

 

Figure 3: Overview of the implemented software components, following the modular software architecture. 
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The implemented scheduling agents can be chosen with a parameter in the scheduling request and the 

scheduling server is forwarding the request to the respective scheduling agent. The deep learning online 

scheduling agent is implemented according to the descriptions in Göppert et al. (2020, 2021). [36,37] The 

random agent chooses scheduling assignments randomly and the heuristic agent (also explained in [36]) 

minimizes the waiting and transportation time for the next station-process combination. The random and 

heuristic agents serve as reference agents to evaluate the scheduling performance of the deep learning agent. 

All scheduling agents were implemented in Python using open libraries (e.g., NumPy, scikit-learn, Keras).  

The functionality of all components and interfaces was tested with qualitative validation measures, i.e. single 

error handling checks and large-scale simulation experiments. The qualitative validation results with 

corresponding inputs and functions are presented in Table 1.  

Table 1: Qualitative validation of interfaces and scheduling server functionality. 

Input description Function Result 

Data model content not schema-compliant in 

request (e.g. ‘COM-PRODUCT-…’) 

Scheduling server request consistency 

check 

Scheduling server error message: “Data model incorrect” 

Missing data model content in request (e.g. no 

NextProcess value given) 

Scheduling server request consistency 

check 

Scheduling server error message: “Data model incorrect” 

Sending scheduling request with one possible 

station-process combination 

Scheduling server functionality check Assignment is consistent with the possible station-process 

combination, no deviation could be observed 

Response message from scheduling agent incorrect  Scheduling server agent message check Scheduling server error message: “Scheduling agent error” 

Sending the same scheduling requests from a 

simulation model and control system 

Interface function consistency check Identical scheduling results for simulation and control system 

Not existing algorithm name requested (e.g. 

“test_agent”) 

Scheduling server request consistency 

check 

Scheduling server error message: “Algorithm incorrent” 

 

In addition to the qualitative testing, a large number of test scenarios with the simulation model was executed 

as a large-scale validation. As shown in Göppert et al. (2020) 10,944 simulation scenarios, i.e. full simulation 

runs with 180 scheduling decision points per scenario were generated with the automated scenario analysis 

tool. [36]  In total, the 1.97x106 scheduling requests were processed by the scheduling server and the 

scheduling agents. The scheduling assignments were successfully retrieved by the simulation leading to 

validated scenario outputs in the form or reasonable performance indicators.  

5. Conclusion and Outlook 

In this last chapter, a conclusion on the research question with the key findings and an outlook on potential 

applications and research opportunities is provided. The research question – How can the seamless 

connection of various online scheduling agents with planning and control systems be enabled? – can be 

answered as follows: The standardized interfaces, the dedicated scheduling server and the overall validated 

modular software architecture enable the planning and control with various online scheduling agents. 

From the presented conceptual architecture and implementation, the key findings and additions to the 

knowledge base are: 

1. The dedicated scheduling server software module enables the encapsulation of scheduling decisions and 

externalization from simulation or control systems to, for instance, enable independent scheduling agent 

development. 

2. Advantages of the scheduling server are the central deadlock resolution to avoid repeated implementation 

in the scheduling agents for trivial scheduling task solution and to reduce unnecessary communication. 

3. Web-based interfaces allow for the system-agnostic (simulation or control) handling of scheduling 

requests and assignments and, therefore, enable switching seamlessly from simulating during planning to 

the control of a running system. 
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4. Applying data modelling standards such as schemes and meta-models facilitates the interoperable 

communication via data models and the modularization of components. 

5. The mentioned open-source libraries for web-server development give researches and practitioners from 

production technology potential support in creating a comparable modular scheduling architecture. 

Besides these benefits and learnings, also drawbacks of the presented architecture exist. A downside of the 

modularity are the additional communications efforts between the system layer, the scheduling server, and 

the scheduling agents. The time for the additional communication results in an overhead waiting time for 

each scheduling request. For simple scheduling requests, the communication overhead might reduce the 

performance, especially for discrete-event simulations that seek to simulate large numbers of scenarios 

quickly. Extra external communication efforts for each scheduling decision, can significantly increase the 

total simulation time. Also, the development and implementation costs of the dedicated scheduling server 

and the interface methods have to be considered. Proprietary software for simulation or control might also 

not allow the integration of the interface methods. 

Further potential applications of the proposed software architecture and its components can be found outside 

assembly systems, wherever online scheduling is applied. The data model for resembling the real system 

must be adapted to the application, but the functionality of the components is independent of that. A field 

with high potential is intralogistics, due to the short transport times and ad-hoc request of transportation, 

which cannot be scheduled ahead in large and complex systems. Further exemplary fields outside the 

manufacturing domain are airplane terminal allocation, scheduling of patients to hospital resources and 

assigning data computing tasks to processing units.  

Further research opportunities, besides the broader application in the above-mentioned fields, comprise the 

measurement of these external communication times depending on the various communication protocols or 

web server frameworks. With these results, the impact of external communication in contrast to the benefits 

of modular scheduling agents can be investigated. Also, the communication protocol that supplies the fastest 

response times can be chosen. In general, the long-term application of the modular scheduling architecture 

in real production with a control system could lead to more insights about potential interface improvements 

and could validate the postulated benefits. Furthermore, the long-term application would increase the 

architecture's maturity. Eventually, standardization committees could develop a specific reference 

architecture that follows domain-wide definitions of interfaces and data models.  
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Abstract 

During the assembly of a control cabinet, a worker obstructs many individual configured wires. To 

distinguish these wires, a printer plots an identifying text on each end of the wires. However, due to the 

shape of the wires and the printing process, the quality of these markings is often too low, and it is hard or 

impossible to read the marking. Common reasons are a low contrast or a blurred text. By now, there is no 

quality check of the marking after a crimping machine produced the wire. This paper investigates methods 

for wire mark reading that is required to estimate the quality of the marking. By using optical character 

recognition, the likeliness that a worker can read the marking must be computed. In the final solution, the 

quality check of the marking will be implemented within an automated quality check that is located after the 

printing process. With this, the crimping machine can then discard wires of low quality and reproduce them 

instantly. 

Keywords 

Quality control; preconfigured wires; wire marking; machine learning; optical character recognition. 

1. Introduction

Control cabinets are quite common in different domains. Although the specific cabinets can differ largely, 

their general setup is very similar. Each control cabinet contains a mounting plate in the back. On this plate, 

wire ducts and top hat rails are fixed. The top hat rails simplify the assembly of further components that are 

required by the customer. Nevertheless, components may also be fixed directly to the mounting plate. To 

connect the deployed components, wires with a different color and a different cross section are utilized. The 

cross section is selected according to the maximum current and the color is often defined by the function of 

the connection, e.g., signal, power line, or ground. [1] 

Figure 1 depicts an image of a fully assembled control cabinet. The top hat rails are filled with components 

and cannot be seen. The wires are guided from the components’ connections in a preferably short way into 

a nearby wire duct. Considering an average control cabinet, the cabinet embeds about a hundred or more 

wires. As the figure indicates, the wire ducts often contain a larger number of different wires. Hence, the 

identification of a certain wire can be quite challenging. 

To simplify this identification, markings can be printed on the wires. A common practice is to use the source 

as well as the target. Each component has a reference designator that is unique within a project. Standards, 

e.g., the EN 81346, specify rules for the naming and are commonly used in industry. However, obsolete

specifications like the DIN 40719 are still used for naming. For instance, a terminal block may be identified

by the string “=0815+LA-X10:2-”. Thereby, the first part starting with the equal sign indicates the facility,
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and the second part starting with a plus sign indicates the location. Both do not change for a control cabinet 

and can be omitted within a marking. Hence “-X10:2-” would be a meaningful marking for one end of a wire 

and identifies a certain component in the setup. Let us assume that “-X10:SPE” is another marking for the 

other end of the wire. As soon as a worker reads the end marking, he will know where to connect the wire 

to. However, the length of the wire might be up to a few meters and to identify a wire at an arbitrary position, 

intermediate markings are added to the wire. Angle brackets gives a hint to the direction. In the example 

above, “-X10:2 < > -X10:SPE” is such an intermediate marking. Following the wire to the left, one will end 

up at the end with the marking “-X10:2”, and so on. Of course, other rules are possible, but creating markings 

according to these rules is simple and effective. 

 

Figure 1: Partial image of a fully assembled control cabinet. Only the covers of the wire ducts are missing. 

2. Problem statement 

During assembly as well as for maintenance, it is important to identify a certain wire. For this, a sufficient 

quality of the above-mentioned marking is important. However, an inkjet printer applies the marking to the 

wire. This process is very susceptible to errors, and a proper quality check is missing. The most common 

errors are a blurred or faded print. A suitable solution for a quality check would be the utilization of optical 

character recognition (OCR). The OCR algorithm can identify the marking’s text, which is then compared 

to the known one that is applied by the printer. To illustrate the problem, figure 2 depicts some wires with 

different diameter and color. As shown, also the color of the ink may be different. Due to this, the contrast 

of the printing and the color of the wire can be very low. 

Although such an inspection can be done in a defined environment, some aspects must be considered for the 

quality check: 

• The wires are most likely not in a straight line, but they are usually slightly bent. As mentioned 

above, there is a defined environment for the inspection. This can prevent greater bending, but some 

remains. With respect to the character recognition, this will be a minor issue. 

• The printer applies the marking only from one direction. Hence, due to the shape of the wires, the 

marking may not be fully visible when using only one camera for inspection. Due to a twist of the 

wire, it might even happen that some characters are fully visible, and some are not. 
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• The font of the printer is a dot-matrix font. While common serif or sans-serif fonts and even 

handwritten text is state-of-the-art, dot-matrix fonts are very hard to identify. The main reason for 

this failure seems to be the disconnected points that prevent common methods to work properly. 

 

Figure 2: Image of wires with different size and colors. 

3. Related work 

Optical character recognition has been subject of research for many decades. The general approach is to 

acquire an image, detect text lines and positions of single characters, and identify the characters found [2]. 

Finally, the identified characters are grouped to words. In addition, the image may be pre-processed, and the 

identified text can be post-processed to reduce errors. However, for the above-described problem, only the 

steps up to the building of words is relevant, because to decide whether the quality is sufficient or not, this 

identified text must be compared with a known one. Furthermore, the building of words is very simple since 

there is only one text line and white spaces can be neglected. 

In recent years, the utilization of machine learning for OCR applications has increased. Although the main 

steps are the same as described above. Thereby, different models for text detection can be selected, i.e., an 

object detection model or a text instance segmentation model. Eskenazi et al. gives a review on several 

segmentation algorithms [3]. A succeeding transcription model yields then to the final text. Furthermore, a 

character instance segmentation model can be used for both the text detection and text transcription [4]. 

There are two major applications for OCR. The first one is the text recognition of printed documents, for 

instance, books or invoices. Such documents contain a huge number of characters and have a good structure, 

i.e., lines and columns of text. The second application is text recognition in real life. Thereby, it is most 

likely that texts are rotated or distorted, and a main issue is to find the positions of the characters within an 

image [5]. 

In [6], Zheng et al. present a smart assistance system based on OCR. The system combines augmented reality 

methods and visual inspection methods. With this, the system can identify certain wires and present 

corresponding information to the user. Although the system can detect text printed to the wires, the text font 

is a sans-serif font and off-the-shelve methods are able to recognize them. 

Dot-matrix characters are formed from single dots that are not connected. In addition, the appearance of a 

character may change significantly already if a single dot is missing. As a result, recognition of dot-matrix 

fonts is different from other fonts [7]. Approaches are either an enhanced pre-processing, like connecting 
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the dots, or sophisticated training-based methods. An efficient solution to find dots within an image is the 

computation of the cross correlation of the image with a given image of a single dot. For this, fast algorithms 

exist, e.g. [8]. In [9], the authors proposes a combination of pre-processing to identify regions of interest and 

a convolutional neural network for character recognition. Nevertheless, there is no general solution for 

recognition of dot-matrix fonts. 

Szajna et al. are developing a system to read wire markings by means of artificial intelligence, i.e., a deep 

neural network [10]. The presented solution takes a picture from a wire inserted into the system. With this, 

advanced methods recognize the wire marking. Thereby, the focus is on identifying any character including 

faulty ones. Although the system may be adapted to a quality control, the project does not analyze different 

fonts used for the marking, since it is assumed that the certain specification for the labeling varies from 

company to company. Even though the examined wires were marked with a dot-matrix font, the individual 

dots are sufficiently large and connected, which makes recognition much easier. 

4. Wire mark reading 

There are two main steps to read a wire marking. The first step is the image acquisition with an optional pre-

processing of the image. The second step is the character recognition. From the related work, a setup with a 

fixture for the wire, illumination, and a camera that takes images with a medium resolution is proven to yield 

good results. To find an appropriate solution, different variants of pre-processing as well as various character 

recognition solutions were compared. 

4.1 Acquisition setup 

The first step in identifying the marking was to build a well-defined environment. For this, a camera module 

and illumination are located above a frosted glass plate. Although the frosted glass creates a slight reflection 

of the camera module, it eliminates almost completely shadows of the wire. Opaque plates are mounted to 

the sides to eliminate effects from outside. The wires can be installed through holes on two opposite sides. 

The OV2640 camera module is controlled by an ESP32 microcontroller. Next to the camera module, a white 

color LED is located that is used for illumination. Via a serial connection, a dedicated application can acquire 

an image with a resolution of 1024x768 pixel. Figure 3 shows the development state of the hardware and 

software prototype. 

   

Figure 3: Photo of the hardware (left) and software (right) prototype to identify the markings. 
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4.2 Pre-processing 

With the above-described setup, 65 images of different wires were taken and processed. In a first test, it turns 

out that gray scaling, blurring, and cross correlation increases the recognition. Figure 4 gives two examples 

of an original image as well as three pre-processed variants. The first variant applies a scatter filter before a 

Gaussian blur. The next one applies the same filter and adds a gray scaling. The last variant is a cross 

correlation with a black dot on a white background. Other variants were also tested, but they do not yield 

better results. 

#1 

    

#2 

    
 (a) (b) (c) (d) 

Figure 4: Two examples of an original image (a), blurred image (b), blurred grey-scaled image (c), and cross-

correlation image (d). 

As described in the next section, this pre-processing improves the character recognition. However, the effect 

is limited. Furthermore, recognition for wires with a low contrast, for instance a blue wire with black font 

such as example #2 in figure 4 shows, was not possible in any case. 

 
 

 
 

 
 

 
(a) 

 
 

 
 

 
 

 
(b) 

Figure 5: Three applied steps of pre-processing consisting of straitening, color removal, and normalization. 
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To improve the contrast, the three-step pre-processing was selected, as figure 5 depicts. The first step is to 

straighten the wire. For this, the contour of the wire is detected by applying a Canny edge detection. With 

this, a perspective transformation computes a straight image of the wire. The second step estimates the wire 

color and removes it by using formula (1). Red𝑦̅̅ ̅̅ ̅̅ ̅ is the normalized mean value of line y and may has a value 

from zero to one. Gray𝑥,𝑦 is the gray value of the pixel at line y and column x. The other colors are 

equivalent. The last step is a linear normalization to increase the contrast. 

𝐺𝑟𝑎𝑦
𝑥,𝑦

= (1 − Red𝑦̅̅ ̅̅ ̅̅ ) ∙ Red𝑥,𝑦 + (1 − Green𝑦̅̅ ̅̅ ̅̅ ̅̅ ) ∙ Green𝑥,𝑦 + (1 − Blue𝑦̅̅ ̅̅ ̅̅ ̅) ∙ Blue𝑥,𝑦 (1) 

4.3 Character recognition 

The pre-processed images as well as the original image were tested with several OCR engines. Table 1 states 

the result of the recognized text for the given example. Further engines were also tested, e.g., Tesseract, 

IronOcr, and Aspose OCR. Except of Matrox SureDotOCR, these engines do not compute viable results for 

any of the image variants. As shown, only one engine can recognize text in the original image. The detected 

text corresponds to the “X8” that was recognized as a 180° rotated “SX”. Also, the blurred image has a bad 

performance. The grey scaled variant has a quite good recognition compared to the colored one, and even 

better than the cross-correlation image. Interestingly, the characters “<” and “>” were not detected by any 

engine. Nevertheless, all tested OCR engines have failure rates that are far from acceptable. An exception is 

SureDotOCR. This engine is specialized for reading dot matrix fonts and can detect the marking properly. 

For this, the used 5x5 dot font is defined within the engine. A major drawback is the requirement to specify 

the expected number of characters. As soon as this number does not match to the image, the results are rather 

bad. For example, when trying to read 11 characters in the example given in figure 5 a, the correct string of 

“-X5:10 < > -X8” was read. When trying to read 12 characters, the engines gives “--:P-P-:--:-”. 

 

Table 1: Character recognition results of different engines. 

image Google vision OCRSpace fintract Matrox 

SureDotOCR 

Figure 4 #1a SX no text detected no text detected -X5:10 < > -X8 

Figure 4 #1b no text detected -X5 10 no text detected -X5:10 < > -X8 

Figure 4 #1c - X5:10 -XB -X5:1O 8 - X5:10 -XB 

Xe 

-X5:10 < > -X8 

Figure 4 #1d SS: Aus-XS -X5 1O - XE: 40 -XE -X5:10 < > -X8 

Figure 4 #2a no text detected no text detected no text detected no text detected 

Figure 4 #2b no text detected no text detected no text detected no text detected 

Figure 4 #2c no text detected no text detected no text detected no text detected 

Figure 4 #2d no text detected no text detected no text detected no text detected 

Figure 5 a s no text detected 000 -X5:10 < > -X8 

Figure 5 b တစ်မ  ျို no text detected no text detected -X1:4 < > - X9: 
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5. Conclusion and future work

Within this paper, the problem of recognizing text on electrical wires was stated. An optical character 

recognition algorithm should identify the printed characters, and the resulting text can be compared with the 

known marking text. If both texts match, the quality of the printing is sufficient. While most commonly 

available engines cannot read the marking properly, one engine that is dedicated to dot-matrix fonts yield 

appropriate results. Although this library is suitable for a quality check of a known marking, a general 

detection is not possible due to limitations of the library in terms of flexibility of the number of characters. 

Hence, further developments are required, which will be done in future work. Additionally, further work 

will elaborate the challenge that all sides of the wire must be considered. By now, the wires are manually 

rotated to ensure the marking to be on top. 
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Abstract 

The efficiency in product development is largely determined by the quality of the requirements and the 

ability of the product design and production planner to analyze them. Interdependencies between multiple 

requirements identified at an early stage enable a sustainable design of the product as well as the 

corresponding production system by increasing process efficiency as well as the effectiveness of 

development processes. However, the necessary analysis of complex interdependencies between 

requirements of a product and the corresponding production system is time-consuming, error-prone, and 

highly inefficient when performed manually. Current development processes are based on such manual 

processes for analyzing requirements in natural language and must therefore be adapted. 

This paper describes a methodical approach based on a semi-systematic literature review making the 

complexity of the interdependencies manageable by using existing approaches and methods in the field of 

model-based systems engineering (MBSE) as well as natural language processing (NLP). Thereby, a 

transition from informal requirements represented in natural language to analyzable and structured 

information, which enable interdependencies modeling for requirement chains, is described. A 

corresponding framework for analyzing interdependencies in the requirements engineering process is 

derived.  

Keywords 

Requirements Engineering; Artificial Intelligence; Natural Language Processing; Requirement Chains 

1. Motivation

The increasing digitalization of the value chain and its technologies support a reduced time to market but 

also put the automotive industry under increasing pressure to innovate and adapt processes [1]. Increasing 

volumes of data for requirements engineering during planning processes call for automated approaches for 

structuring [2]. A large amount of product, as well as production-related data, can be assigned to planning 

and development processes [3]. Therewith, requirements engineering is a central part of the early design 

phase in the product development process (PDP) and bears the largest share of cost responsibility, accounting 

for two-thirds of the total[3][4]. Automated approaches are used increasingly to make requirements and 

change processes more efficient. In this context, the use of classification techniques and NLP enables a better 

understanding of relationships between requirements [2]. Technologies from the field of language and image 

understanding support planning and decision processes as well as the evaluation of large amounts of data 

[5]. Thereby, NLP enables the interaction between human language and digital information systems [6]. 

Methods from the field of Machine Learning (ML) have the ability, similar to the human brain, to identify 

patterns in large amounts of data and to react as a result [7]. While the human brain is characterized by 
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associative reasoning, the strength of algorithms lies in their distinct combinatory [7].  To better identify 

interactions between data and their properties, the use of models is suitable [2]. Models are used as bridges 

between undesired initial states and the corresponding desired final states and thus serve to solve problems 

[8]. The problem in requirements engineering emanates not only from the number of requirements but also 

from the multitude of sources for requirements. This is reflected in the form of information loss or ambiguity 

in requirements formulated in natural language [9]. The challenges of working in such an environment with 

a high level of process efficiency can be illustrated by a striking example as follows. The specifications of 

an aircraft engine contain requirements in the four-digit range [10]. However, a human being can only read 

an average of 170 words per minute [11]. If a requirement consists of fifteen words, each reading of the 

requirement specification takes at least one and a half hours. An analysis for correlations or defects such as 

contradictions etc. is not even included in the estimation. This example shows the enormous potential of 

automating parts of requirements engineering. It becomes obvious that there is an immense potential to 

reduce time and costs. During the requirements engineering the considered scope is increased from a part to 

larger assemblies and system-crossing (e.g. production) requirements are taken into account in addition to 

product requirements. Following not only inefficiencies but also the risk of quality losses due to a lack of 

overview of a large number of requirements and their interdependencies need to be avoided. 

2. Problem statement and research task

As described, the manual and human management of requirements in product development is associated 

with a high expenditure of time. Lack of documentation and insufficient consistency of change status updates 

lead to improvisation in the requirements and change management process to a high degree. As a result, 

product changes take up more than one-third of the total resources in the design phase [12]. By applying 

data-based methods, parts of the requirements engineering process can be performed more efficiently. 

Although the necessary data basis already exists, the lack of formalization of technical requirements 

significantly limits modeling possibilities [2]. The demand for data-based methods is to combine the 

advantages of NLP, modeling, and ML. On this basis, increasing sets of requirements can be structured and, 

based on this, interactions can be identified and explicitly represented. The goal of this paper is to provide a 

framework for exploratory analysis of requirement chains, by applying methods of AI. In doing so, the focus 

is additionally on answering the following questions: 

How can a process modeling framework for the transformation of separate requirements into transparent 

requirement chains be designed? 

How can existing methods and approaches be classified along with the process modeling? 

3. Methodical Approach

The content of this paper is part of a research project that uses the research methodology of Design Science 

Research (DSR). Following this approach, the development of an artifact takes place in the Design cycle 

between the Relevance cycle and the Rigor cycle [13,14]. Using an abductive approach through the use of 

an existing knowledge base in the form of existing literature, an artifact is generated through the described 

framework. This serves to situate the scientific theory within the research project of requirements chain 

generation. 

Along with the process model of DSR, the activities of identifying the problem, defining requirements for 

the solution, and developing the artifact are thus addressed. A demonstration and evaluation take place in 

the context of the Rigor cycle since no application takes place in the business environment [15]. 

To find methods and approaches that fit the problem, a systematic approach for literature review is 

developed. The approach is based on the snowball principle. It uses the linkage of existing literature via 
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source citations and acts as a cumulative search procedure based on this [16]. Intending to integrate the three 

identified foci equally, the snowball principle is extended. Figure 1 schematically depicts the developed 

methodology. The topics NLP, artificial intelligence (AI), and modeling have diverse overlaps in terms of 

content. Therefore three snowballs are shown, which form intersections in the center. The goal of the search 

is to link the three topics concerning the application field of requirements engineering, which is located in 

the center. To consider diverse approaches, the topic of the results is deliberately steered away from the core, 

and migrations between the fields are provoked. The result of the method is a literature collection with 48 

results, whose thematic classification forms a symbolic hexagon around the core topic requirements 

engineering. From the identified results, the higher-level methods are extracted and promising specific 

approaches are analyzed. 

Figure 1: Systematic approach for the literature review 

During the literature review, the STARLITE method is used to identify the most promising approaches. Only 

English titles with the publication year of 2016 or later are considered to focus on recent approaches [17].  

The Web of Science database is used to identify a starting dataset. To focus on the core of the problem, a 

topic-specific search string is developed. This combines the identified topics using the logical operators 

AND as well as OR. The search string used is given below: TS=(("Requirements Engineering" OR 

"Requirement Management" OR "Requirements") AND ("MBSE" OR "SysML" OR "UML" OR 

"Relations") AND ("Artificial Intelligence" OR "Cased Based Reasoning" OR "Machine Learning" OR 

"Neural Networks") AND ("Natural Language Processing" OR "Natural Language Understanding" OR 

"Semantic Analysis" OR "Vectorization")). Three results that address the identified three main action areas 

in addition to requirements engineering are selected as starting sources (step 0 in fig. 1). Thereby, each of 

the results has the respective focus in one of the three fields. During the search for further results, the database 

Semantic Scholar is accessed. Starting from the initial dataset, the developed systematic snowball method is 

applied. Each identified source is considered as a starting point for the identification of further results. 

4. The State of Research

The following section creates the foundation for conceptualizing the framework for the subsequent 

explanation and assignment of promising methods based on the systematically compiled literature. After 

describing the basics of requirements engineering, the fundamentals of modeling are discussed. Finally, basic 

concepts of AI are explained with a focus on natural language understanding.  

4.1 Requirements Engineering 

Requirements management is an essential part of the PDP. It represents the basis for product planning and 

development [3]. Requirements are functions or services that products must have to fulfill formal regulations 

such as standards or contracts [18]. They are defined at the beginning of the project and form a benchmark 

for later work in the product planning process. For this reason, requirements must be continuously checked 

and adapted if necessary [3]. To ensure the completeness and structure of the requirements collection, careful 

identification of all stakeholders involved is essential. Suppliers, laws and standards, production, sales, and 

controlling are sources of requirements. The most important sources are the market and the customer [19]. 
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While documenting information, an appropriate format must be used in addition to appropriate labeling. 

Furthermore, a review of the input for suitability should take place [20]. In this context, the natural language 

documentation of requirements comes into focus. As a basis for documentation, the required performance 

of sourced products is recorded in a requirements specification. Based on the requirement specification, the 

contractor creates a requirement specification, which precisely defines the realization project to be developed 

[8]. Furthermore, documentation in the form of a requirements list is recommended, because requirements 

can be compared and prioritized [21]. High quality of the requirements documentation can be achieved by 

easily applicable formulation rules. These concern, among other things, sentence structure, sentence scope, 

and unambiguity of word choice [22]. To minimize the effort of the documentation process, requirements 

templates can be used. These provide a clear sentence structure for different types of requirements [9]. 

Attention must be paid to the initially identified requirements throughout the project. In addition to 

documentation, they also need to be communicated, maintained, and taken into account when evaluating 

concepts [19]. Following prioritization, they are compared over the entire development process and 

specifically introduced into the functional, activity, and construction levels based on the Munich Product 

Concretization Model [19]. Meanwhile, many external and internal factors have an impact on product 

development. For this reason, supporting the PDP with information technology is evident. This helps to 

ensure consistency of documentation, rapid exchange of results, and better traceability of activities [8]. 

4.2 Modelling 

Models are an important part of engineering. They contain the foundations for databases in the form of logic, 

machine theory, and schemes [23]. Thereby, models are representations of a natural or artificial original 

based on abstractions [24]. During modeling, a limited set of attributes is transferred. Some attributes of the 

original are excluded. In return, new attributes are included in the developed model [24]. Models can be used 

as a basis for the development of products and support the solution of complex problems. Model-based 

development is based on models consisting of machine code and replaces handwritten texts [25]. Due to 

technological progress, products become more complex. This circumstance requires a more extensive system 

landscape [26]. Systems engineering (SE) supports the structuring of complex systems. It refers to the 

documentation of requirements concerning the holistic development picture [27]. MBSE combines the 

model character with SE. The goal is the transformation of heterogeneous product models into 

interconnected as well as consistent images of the products [28]. In addition to the model architecture and 

the behavior of components, requirements are also introduced at each abstraction level of a model [29]. In 

the environment of the MBSE, one speaks of a model as soon as it fits a given formal form. This is achieved 

as soon as structures and relationships can be derived automatically from given models [29]. For the 

construction of models in different industries, the modeling language UML was developed. Through the 

integrated extension mechanism, application-specific add-ons can be integrated [27]. In this context, SysML 

has emerged as a dialect of UML. SysML helps in describing structures, behaviors, and requirements of a 

system. The modeling language extends the repertoire of UML diagrams to be used by integrating 

requirements diagrams and associated relationship capabilities [29]. Diagrams visualize specific 

characteristics of the comprehensive model. The focus during filtering is set on defined viewpoints [25]. 

4.3 Artificial Intelligence 

Nowadays, both requirements engineering and model-based development involve many manual steps. In the 

process, humans fall back on vague and incomplete information from their memory [5]. The growing amount 

of data due to more complex products further complicates human work. The application of specific 

knowledge is essential for efficient processes. Knowledge is created by interpretation from information, 

which is aggregated from data by working out relationships [7]. Therefore, accurate analysis of the data sets 

is essential. For this purpose, the enormous computing power of information systems is increasingly used 

for data processing [7]. The area of text processing is covered by NLP. By using algorithms, the 

transformation of natural language texts into machine-readable code is possible [30]. For this purpose, the 
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linguistic levels of natural language texts must be analyzed [31]. The richness of semantics increases due to 

the integration of relations and relationships between individual words, thus representing the core of 

language understanding [6]. In addition to NLP, ML forms an important application area of AI research. Its 

efficient operation is based on a large amount of data [7]. For this reason, ML is closely related to the field 

of data mining. Data mining describes the extraction of knowledge from aggregated data. In the application 

field of language, data mining is also referred to as text mining. Text mining includes tasks such as 

classification of texts and identification of similar texts [32]. Different types of neural networks are used for 

fast and efficient information processing in the field of ML. They are characterized by their decentralized as 

well as the parallel structure and their learning ability [7]. The approach of neural networks is optimized by 

different types of learning initially or continuously. Supervised, unsupervised, partially supervised or self-

supervised learning methods are used as well as reinforcement learning [6]. 

5. Conceptional Design of the Framework

The basics compiled above form the foundation for the systematic development of a solution space for the 

generation of requirement chains. With the help of higher-level concepts of model theory, a concept is first 

developed that describes the target states of the solution process. Subsequently, the concept is detailed by 

integrating specific solution increments and an application-oriented framework is presented. 

5.1 Concept 

The goal of the framework is to efficiently extract the existing relationships between separate technical 

requirements formulated in natural language from the diversity of a collection of requirements. Figure 2 

shows the step-by-step procedure during the concept development of the framework. 

Figure 2: Step-by-step development of a concept for the regulatory framework 

In a first step, a clear distinction between separate and non-structured requirements must take place. Before 

the existing relationships can be recognized automatically, each instance involved must fulfill the 

prerequisites required for this. The mechanism for linking the separate requirements is defined as cross-

linking.  In the second step, the model world is detached from reality. In the sense of the modeling idea, an 

issue can be mapped in the model level to open up new solution possibilities by abstracting a complex issue 

[24]. Thereby, illustration enables the transition from reality to the model [33,34]. In contrast, pragmatism 

serves to render the model in reality in a way that is understandable to the interpreter [24]. The two identified 

boundaries divide the solution space into four quadrants. Each quadrant is characterized by the unique 

combination of two characteristics determined in the first two steps. For each of the quadrants, a target state 

is defined in a third step. The overall goal is to analyze relationships between requirements to generate 

requirement chains. As a result, the separate natural language written requirements form the initial state (1) 

and the human-comprehensible representation of requirement chains (4) form the target state of the process. 

The goal of the transition into the model world is the structuring of the separate requirements (2). The goal 

of the networking of the separate requirements are cross-system requirement chains (3).  
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5.2 Detailed Framework 

To detail the concept, the target states must be described by applicable processes. The transition between the 

first two target states is handled by modeling [33,34]. This comprises the transformation from continuous 

text, the structuring, and categorization as well as the formalized representation of the requirements 

formulated in natural language. The result is syntactically decomposed requirements in a machine-readable 

format. These contain additional information about the sentence-internal relationships between individual 

language elements. The subsequent cross-linking is the mechanism of the process evaluation. During this 

process, the identification of direct as well as indirect relationships between requirements takes place. 

Similarities between language elements are analyzed. In addition, higher-level relationships among 

subsystems are captured. The result are complex requirement networks, which contain a multiplicity of 

requirement chains. The discussion of relations takes place with the help of semantic information from 

semantic memory. This contains application-specific language relationships with increasing semantic 

richness and can be continuously extended. With the help of the process transfer the last target state can be 

reached [33,34]. By filtering information using perspectives and views as well as the automatic creation of 

diagrams, a human-readable visualization of the relationships is created. The resulting framework is given 

in Figure 3. 

Figure 3: The process modelling framework 

6. Research Gap

With help of the results of the literature research and the framework, promising approaches for solving the 

problem can be identified. Subsequently, a summary of the approaches and methods is given in form of a 

map of methods to identify gaps on the solution path and to formulate research needs based on this. 

6.1 Map of Methods 

The result of the literature research is an extensive landscape of methods with approaches from different 

areas of industry. To systematically represent the core topics, a method map is shown in Figure 4. This is 

intended to provide an overview of the approaches identified and to assist the reader with orientation. The 

systematic design of the research is reflected on the map in the form of the three snowballs NLP, AI, and 

modeling. The field of requirements engineering is not shown because it represents an ongoing closely linked 

parallel process. The Requirements field is the starting point for different paths across the map, which end 

in the Diagrams and Views area. To establish the reference to widespread standard solutions in the area of 

information technology, the complex AI solutions fastText and BERT are additionally located on the method 

map. 
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Figure 4: Map of methods 

The area of illustration is particularly characterized by approaches from NLP. The systematic decomposition 

of requirements serves the transformation into the machine-readable domain. BASHIR ET AL., ARORA ET AL., 

BEN ABDESSALEM ET AL., KOCHBATI ET AL., and XU ET AL. [35][36][37][38][39] take up the methods of 

segmentation as well as parsing, which represent standard solutions. Based on this, ARORA ET AL. [36] 

describe an activity to find rule-based relationships between sentence members in a sentence. Using 

embeddings and similarity computation, CAMPOS ET AL. [40] and DALPIAZ ET AL. [41] filter duplicates and 

synonyms from the decomposed sentences. ROSADINI ET AL. [42] extends the ideas and uses parsing to 

predict defects in requirements. In the area of networking, activities of classification and clustering are 

particularly located. Classification is done by ZHOU ET AL. [43], basis for these methods provides the use of 

strategies from the field of neural networks and Deep Learning. ZHONG ET AL., KOWSARI ET AL., and ZHOU 

ET AL. [44][45][46] deal with special forms of neural networks. Different types are combined to increase 

efficiency and different ML methods are compared. The approaches from ZHOU ET AL. and MENG ET AL. 

[43][47] deal with classification based on multiple criteria. BEN ABDESSALEM ET AL. [37] and ZHONG ET 

AL. [44] compare the imported requirements with constructed patterns in a pattern-matching activity. 

According to the framework, the cross-linking of requirements takes place simultaneously with the usage of 

semantic information from semantic storage. While KUMAR ET AL. [48] deal with the design of ontologies 

from taxonomies, ZHANG ET AL. [49] use ontologies to extract semantic information. ZHOU ET AL. [46], 

extended ontologies by sub-ontologies. BASHIR ET AL. [35] andYANG ET AL. [50] address activities that 

concern the networking of requirements. To bundle the results in a final step, the design of human-readable 

visualizations and the application of views are mostly used in the pragmatics domain. Visualizations in the 

form of a Venn diagram are generated by the approach in DALPIAZ ET AL. [41]. LUCASSEN ET AL. and 

DALPIAZ ET AL. [51][52][41] present approaches to filter visualizations afterward and to focus or hide areas. 

To complement this, LUCASSEN ET AL. [51] address the highlighting of different links. Finally, YANG ET 

AL., ROBEER ET AL., GULIA ET AL., KOCHBATI ET AL., PEREZ ET AL. [50][53][54][37][55] present methods 

and activities that enable the automatic creation of diagrams. 
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7. Summary and Outlook

This paper presents a framework for process modeling in the AI-supported generation of chains of 

requirements formulated in natural language. Based on existing methods and approaches, a framework is 

designed that describes the intermediate states, mechanisms, and tools on the way from separate 

requirements to cross-system requirement chains. With the help of systematic literature research approaches 

from the three topic areas NLP, AI and modeling are compiled. Subsequently, representative approaches and 

results are presented in the form of a method map. In connection with the regulatory framework, it is thus 

considered which solutions can enable the selected project in a bottom-up manner. Due to the pronounced 

heterogeneity of the identified approaches, no explicit comparison criteria could be identified. As a result, it 

can be stated that a bottom-up approach based on a methodology developed in the use of existing approaches 

does not seem to be very effective. In future work, activities and states within the respective methods must 

be analyzed and, in a top-down approach, the necessary target states in the regulatory framework must first 

be described with sufficient precision so that the identified approaches can be compared. Especially the area 

of evaluation with associated networking methods from the field of neural networks is to be investigated in 

more detail. 
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Abstract 

The use of machine learning promises great potential along the entire value chain of manufacturing 

companies. Many companies have already recognized the resulting opportunities for increasing enterprise 

value and are developing their machine learning applications for the production environment. However, 

despite these efforts, many of the solutions developed fail in the market. Especially small- and medium-sized 

enterprises have difficulties developing suitable business models for their technical applications. These 

difficulties arise because companies do not evaluate their business projects sufficiently during the 

development phases. As a result, unpromising projects are not recognized until late in the development 

process and thus cause high sunk costs. 

This paper presents an approach for integrating assessment methods into developing machine learning-

driven business models for production. Due to the diametric evolution of information availability and 

uncertainty during the business model development process, various methods and tools can be used for the 

assessment depending on the current phase. For this purpose, existing assessment methods are evaluated and 

contrasted regarding their suitability concerning machine learning-based business models for production. 

Afterwards, three approaches for the different planning phases of business model development (strategic, 

tactical, operational) are presented in this paper. 

Keywords 

Artificial Intelligence; Machine Learning; Business Models; Assessment; Manufacturing 

1. Introduction

Recent studies reveal various potentials of Machine Learning (ML) for companies along the entire value 

chain. As a result, global GDP is expected to increase by up to 14 % or $15,7 trillion by 2030 [1]. Today, 

ML systems are applied across various industries.  These help, for instance, to make quality management 

more efficient or to enable predictive maintenance of machines. Although the feasibility of these applications 

has already been proven many times at the research level and first marketable products are available, the 

actual implementation of corresponding applications and offerings lags behind the high expectations [2,3]. 

One of the main reasons for this discrepancy is that companies are not able to develop economically viable 

scenarios for their technical solutions [4]. It becomes apparent that especially those companies are successful 

with ML offerings that emphasize the generation of business value during development. Thus, building a 

business understanding and evaluating business cases as part of business model (BM) development is a key 

success factor for implementing competitive ML applications in manufacturing companies [5].  

Research on ML-based BMs for manufacturing and the accompanying empowerment of companies is still 

in its infancy. The following work aims to identify appropriate evaluation methods for the different phases 

of maturity in the development of ML-based BMs for manufacturing. Using the tools presented, companies 
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can evaluate the current development status of their BM and be supported in their decision-making. The 

underlying research hypothesis states that an appropriate methodology can be developed by analyzing 

existing concepts and approaches in the respective technical literature. This work considers ML as a system 

that “uses data, analysis and observations to perform certain tasks without needing to be programmed to do 

so” [6]. A BM is ML-driven if at least one relevant dimension is characterized by the use of ML methods 

[7]. 

The procedure outlined in the paper is as follows: Section 2 first provides an overview of the development 

process of ML-based BMs and its three-phase structure. To this end, different process models are discussed 

and the process is explained using a selected model. Subsequently, phase-specific requirements for the 

selection of evaluation methods are derived from literature. The resulting evaluation criteria are then used to 

evaluate existing evaluation methods which were identified in the course of a structured literature analysis. 

Based on this overview, section 3 proceeds with the presentation of a developed methodology, thereby 

choosing the most appropriate methods and tools for each planning horizon and adapting these to the area of 

manufacturing. For validation purposes, the introduced methodology is then applied to an actual use case 

from the manufacturing industry in section 4. Finally, section 5 ends with the conclusion and potential 

impulses for further research. 

2. Research results

2.1 Development process of ML-based BMs 

A successful implementation of ML-based BMs for manufacturing requires a systematic and structured 

process. This is of particular importance for companies that have only limited experience in the context of 

developing ML-based applications [3]. To address this problem, numerous process models exist in literature. 

Many of these approaches originate from the field of data mining, which is the extraction of structures and 

patterns from large amounts of data using specific analysis techniques [8]. Well-known approaches in this 

field include the Cross Industry Standard Process for Data Mining (CRISP-DM), the Sample, Explore, 

Modify, Model, Assess (SEMMA) and the Knowledge Discovery in Databases (KDD) [9]. A deeper analysis 

of the models in terms of their suitability for the manufacturing industry reveals numerous shortcomings that 

prevent their practical and holistic application in such a domain. Among the main criticisms is that existing 

models do not cover the process of selecting a problem and deciding whether to use ML to solve it and do 

not take into account the specific requirements of production environments [10].  

Figure 1: Development Process of ML-based BM according to Biegel et al. 
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In order to address these shortcomings Biegel et al. [10] introduced their AI Management Model for the 

Manufacturing Industry (AIMM) (see Figure 1). It is further utilized as a framework for the integration of 

assessment methods and to emphasize the characteristics of each phase. The process is funneled and starts 

with potential problems, which are subsequently transformed into an ML application using three phases: 

problem selection (strategic phase), solution design (tactical phase) and solution development (operational 

phase). A significant difference between the process phases results from the availability of relevant 

information and the degree of uncertainty regarding the economic viability. Relevant information includes 

not only forecasts on technical prospects of success, but also market scenarios and possible legal restrictions. 

Only a little, primarily qualitative information with a low resolution, is available at the beginning of the 

process, leading to a high degree of uncertainty. This uncertainty is reduced throughout the process by 

acquiring new and higher-quality information, gradually enabling a quantitative evaluation of projects [11]. 

The AIMM is designed to fail quickly in the case of an unpromising endeavor. The model takes into account 

that, particularly at the beginning of an application development process, the costs incurred are still low. At 

the same time a strong influence can be exerted on the future cost-benefit ratio in later phases of development 

and utilization [12]. This effect is especially relevant for the domain of production, as physical products - 

e.g., in the form of machine tools - are frequently linked with digital services in so-called product service

systems [13]. In the case of a mere development of digital services, the share of cost emergence in early

phases is proportionally higher. In contrast preventing sunk costs in later phases nevertheless has a

significant impact [14,15]. Therefore, at the transitions of the phases, the AIMM process enforces to evaluate

whether a problem can potentially be solved using AI technology and whether a resulting business case is

financially feasible. If an idea is dropped out, the process can be revisited with a different problem, or the

solution design can be adjusted accordingly. In this way, the waste of entrepreneurial resources is prevented

at an early stage of the use case development [10].

A shortcoming in the AIMM is that the authors only provide a few concrete hints to the phase-specific use 

of assessment methods. In their approach to technology assessment from 2011, Haag et al. [16] become more 

specific and propose different assessment methods for the distinct process phases of technology 

development. However, the approach is highly technology-unspecific and does not incorporate the special 

requirements that arise when considering ML-based technologies, which will be highlighted throughout this 

paper. Due to the age of the explanations, many context-specific assessment methods (e.g., from the field of 

digitalization and Industry 4.0) developed in the meantime are also not included in the approach. In this 

regard, the method presented in this paper picks up and presents ML-suitable assessment methods in each of 

the three process phases. 

2.2 Phase-specific requirements and evaluation of existing assessment methods 

Suitable evaluation criteria must be defined for a comparable and objective evaluation of existing 

approaches. These result from the requirements of the different process phases and were identified as part of 

a structured literature review. Next is examined which activities are carried out in each phase and which 

input and output states are present. In addition, it is included which incoming information is available and 

which outgoing information must be provided for decision-making (see Figure 2).  

In the strategic phase of problem selection, the project team first identifies and evaluates relevant problems 

from the production environment. As incoming information, a selection of possible problem definitions is 

available, whose potentials and challenges are assessed concerning a possible solution development. The 

underlying problem set can originate from the documentation of a continuous improvement process or from 

a dialogue with customers [17]. Since there can be larger problem sets, it is necessary to identify and 

prioritize the most promising ones. In their model, Biegel et al. propose a qualitative evaluation of problems 

in the two overarching dimensions of relevance and complexity using a portfolio matrix. While the number 
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of actors and objects involved and their relationships to each other and the required interdisciplinarity is a 

major influencing factor for complexity, the influence on a company's key performance indicators (e.g., 

Overall Equipment Effectiveness) is decisive for relevance. After prioritizing the alternatives, the selected 

problems cross the first gate where the ML fit is examined. In this process, it is checked whether the problem 

under consideration meets the basic requirements for being solved with ML methods [18]. After passing 

through the strategic phase, quantitatively evaluated, prioritized, and ML-suitable problems remain for 

further pursuit in the tactical phase.  

Following the results of a structured literature review, the first requirement is that suitable methods for the 

strategical phase are capable of enabling a comprehensible and systematic ranking of alternatives [19]. 

Furthermore, especially in this initial phase, it is necessary that the alternatives to be evaluated allow a 

holistic assessment, despite the low level of information [20]. In this context, it should also be possible to 

conduct risk assessments and to make prognoses by considering volatilities in technical, financial and 

organizational conditions [21]. Finally, regarding the usability in the strategic phase, it should be ensured 

that the models are generalizable to enable the evaluation of a wide range of possible problems. In addition, 

they should be able to determine reproducible results that are comprehensible in terms of transparency, even 

in spite of fluctuating information quality [22]. 

Figure 2: Overview of incoming and outgoing information in the process phases [10] 

In the tactical phase, a selected problem is examined in more detail and developed into a draft solution in 

the form of a possible BM. In addition to the qualitative information already available, initial quantitative 

information is also available as input variables. In-depth examination of the selected problems allows 

estimations for possible expenses and income streams connected to implementing the respective BM. Among 

other things, this data can be retrieved from historical data, e.g., from service or sales or from past projects 

[17]. In their approach, Biegel et al. propose a financial evaluation of the project as a final gate before the 

solution development phase. However, in view of the extensive planning activities and the increasing 

availability of information, it is reasonable to further include qualitative aspects. The tactical phase thus 

represents a transition between the strategic phase, which is driven by qualitative information, and the 

numbers-driven operational phase. Therefore, suitable models for this phase must be able to merge 

qualitative and quantitative aspects and combine them in a reproducible result. However, in contrast to the 

previous phase, the tactical phase does not evaluate a broad problem set but various options for the BM 

design. This includes decisions regarding the scope of the BM (e.g., detection of errors vs. prediction of 

failures) or the acquisition of competencies (e.g., build up in-house vs. buy in externally) [23]. In order to 

weigh between these design options, the possibility of ranking of alternatives remains relevant in this phase. 
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Table 1: Evaluation of existing methods 
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The previously designed BM is developed and implemented as an iterative development project in the final 

operational phase. The input information in this phase consists of target values selected in the planning 

process, their degree of fulfilment and ML-specific performance data. The latter result from prototypical 

setups and testing within the development process. Thus, the use of quantitative evaluation methods is 

particularly indicated in the context of solution development. In their model, Biegel et al. do not specify an 

approach for the evaluation of the project in this phase. Nevertheless, a continuous evaluation of the project 

is of particular importance, especially in this resource-intensive phase [14,15]. Due to the highly dynamic 

nature of the iterative development process, special usability requirements arise in this phase. Therefore, 

suitable methods must enable the integration of knowledge gained from the development process in the short 

term. Furthermore, the results of the applied evaluation methods must be comprehensible for all stakeholders 

involved in the project in terms of transparency. Finally, especially in the solution development phase, there 

is a high demand for the evaluation methods regarding their compatibility with digital business models. ML-

specific figures must be considered to a greater extent, especially regarding possible optimizations by the 

underlying application. For example, the expected prediction accuracy of the model is decisive for the 

profitability of an ML use case.  

Table 1 shows the results of an assessment of existing evaluation methods using the derived evaluation 

criteria. The evaluation methods were identified through systematic literature analysis. The methods are 

divided according to the three process phases: strategic, tactical, and operational. The evaluation criteria are 

divided into three areas: data, methodology and practical application. The data area includes the criteria 

holistic assessment, inclusion of qualitative and quantitative aspects as well as realistic depiction. The 

criterion "realistic depiction", which has not been mentioned so far, refers to the fact that the recording and 

preparation of all necessary technical and business contexts is necessary for a well-founded evaluation. It is 

thus relevant for all process phases [42]. 

3. Description of the assessment methodology 

In the following, the developed methodology is introduced. The selection and combination of methods is 

based on the evaluation of existing approaches which was presented in chapter 2. An overview of the 

methodology is shown in Figure 3.  

 

Figure 3: Three-levelled assessment methodology 
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For the strategic phase, the analytic hierarchy process provides the main structure and is supplemented by 

aspects from the assessment model according to Pokorni et al. In this phase, it is important that a holistic 

evaluation of the problem set can take place and subsequently a ranking of alternatives is made possible. 

Among the approaches examined, the utility analysis, the analytic hierarchy process (AHP) and the 

assessment model by Pokorni et al. fulfil these requirements at the best. Comparing the utility analysis and 

the AHP, there is a decisive difference: the AHP has an iterative structure and provides a consistency check 

to avoid logic errors. On the one hand, this makes the AHP more transparent than the utility analysis due to 

the systematic assurance of consistency. On the other hand, the usability deteriorates due to the increased 

effort required to perform the analysis. However, this additional effort in the AHP is reduced by a computer-

aided execution of the procedure [38]. Nevertheless, due to the high degree of generalizability of the AHP, 

it makes sense to enrich the procedure with elements from the industry- and context-specific approach of 

Pokorni et al. In this model, positive effects of the use of ML are interpreted as potentials (e.g., increase in 

efficiency, increase in productivity) and negative effects as challenges (e.g., implementation costs, 

compliance challenges).  

Due to its holistic approach and good performance overall, the assessment model according to Schuh et al. 

[37] is selected and adapted for the tactical phase. The hybrid model focuses on an assessment of effort and

benefit, considering challenges and fields of action of ML-driven BMs. As the digitization scorecard and the

potential analysis, this method is suitable for the required use of qualitative and quantitative data. Compared

to other approaches, the method of Schuh et al. stands out due to its possibility of ranking alternatives. Within

the model, the evaluation of qualitative input information merges with the results of quantitative evaluations

in a portfolio matrix. By using and adapting an indifference curve within the model, it is also possible to

include user-specific preferences. The position to the indifference curve is used to decide whether a solution

design is perceived as an investment decision and transferred to the effort-intensive operational phase.

Accordingly, adjustments can be made or an use case is discarded completely [37].

Finally, for the operational phase, an indicator system is introduced. It combines domain-specific key 

figures from the field of manufacturing with ML-based key figures. Thereby, it aims at enabling a sustainable 

assessment and control of the BM during operation. Compared to methods of investment calculation 

(static/dynamic payback method; net present value method), an indicator system is more suitable for a 

holistic assessment. Thus, in addition to purely financial key figures, ML-specific (e.g., precision, accuracy) 

and production-specific key figures (e.g., utilization rate, productivity) can be included. Compared to the 

value driver tree, the indicator system distinguishes itself by better usability. Accordingly, it is possible to 

draw on metrics already known and used by the various stakeholders in the interdisciplinary development 

project. Finally, the effort of the project team to create the system consists of identifying dependencies 

between individual key figures and linking them. The remaining Industry 4.0 maturity index is also partially 

based on a system of key performance indicators. Therefore, the evaluation method of the operational phase 

also takes up aspects from the model’s key figure system. 

4. Application and validation

To validate the presented approach, the procedure introduced in this paper was applied to an exemplary use 

case. It originates from the industry-centric research project “Sensorische Schutzabdeckung” which was 

funded by the LOEWE – State offensive in Hessen, Germany. The basic idea of this project was to develop 

a predictive maintenance application for protective covers in machine tools which was realized by applying 

ML to gathered retro-fit sensor data [43]. In the following, the application of the approach presented in 

chapter 4 is applied to the use case.  

Compared to an application in a real industrial environment, there is a significant difference when applied 

to a research project: Whereas in industry one often must choose between working on different problems 
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arising from one's own company or from customer requirements, the problem in a research project is usually 

already defined in advance. For this reason, it was decided not to apply the assessment method from the 

strategic phase and to start with the application of the methodology from the tactical phase. It was possible 

to consider both the potentials of an ML-based use case compared to the previous status quo in the 

maintenance of protective covers and the challenges that exist along the way. The challenges were 

incorporated into the evaluation process as qualitative aspects. The biggest challenge identified was that the 

company itself had little experience in the field of data analysis and that the sensor technology required for 

data acquisition in the ML application had not existed as a ready-made solution. In this way, important key 

partners for future development activities could be identified and acquired. At the same time, it was possible 

to use extensive quantitative input. Thus, a potential cost saving for the avoidance of too early or too late 

repair measures as well as a customer's willingness to pay and possible unit number ranges for a marketable 

solution could be determined and included in the evaluation. In doing so, the application of the evaluation 

method resulted in a positive prognosis for a decision to invest in the development of the ML-based product-

service system.  

Figure 4: Indicator system for operational phase in the project “Sensorische Schutzabdeckung” 
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In the subsequent phases, the evaluation method for the operational phase was applied (see Figure 4). Within 

the resulting indicator system, various context-related key figures are related to each other via mathematical 

and logical connections. The key figures are taken from both the business management and ML area. In 

addition, specific key figures from the field of maintenance are included, such as the mean time to repair or 

the failure probability factor. During the development of the indicator system, the stakeholders involved - 

namely the management, the company’s domain experts, sensor and electronics developers and data 

scientists - were thus able to incorporate their relevant indicators. This confirmed a good usability of the 

approach within the framework of an interdisciplinary project team. By establishing and tracking the 

indicators, important levers for achieving an economically viable scenario were identified during the course 

of the project. As a result, it was possible, among other things, to substitute electronic components with less 

expensive variants and to reduce the amount of data processed.  

Within the model shown in Figure 4, mathematical relationships are highlighted by operators, whereas 

logical relationships are indicated by connecting lines. The data used in the project originated from different 

sources. Business- and maintenance-specific data was already available through previous research from the 

company's sales and service departments. ML-specific data was collected as part of the development project 

and the tracked metrics in the model were subject to significant changes. During development, various sensor 

and ML concepts were designed and investigated, prototypes were built and experiments were conducted. 

This enabled more precise figures to be derived for possible model qualities and estimates to be made of the 

hardware required for implementation. Here, the indicator system confirmed its advantage of incorporating 

new findings within a short-cycle development process. Since the research project did not comprise a 

complete product development but ended as an extended feasibility study, reliable figures were not yet 

available for all aspects at this time. Nevertheless, offers from external contractors and a more in-market 

analysis were acquired at the end of the project. Thus, it was possible to use the assessment methodology to 

draw up possible scenarios a continuation of development efforts within the company. 

5. Conclusion and future research

Given the increasing availability of data, the importance of ML and its integration into companies’ use cases 

and BMs is higher than ever before. Assessment methods are meant to evaluate the profitability and viability 

of BMs during their development, therefore intending to reduce sunk costs by prioritizing promising 

alternatives in the early stages of development. However, due to the variety of methods and novel potentials 

as well as challenges coming with ML-based BMs, companies still struggle to find appropriate ways of 

assessing their BMs. In this paper, a three-levelled methodology for assessing ML-based BMs has been 

introduced. Considering the strategic, tactical, and operational planning horizons, various assessment 

methods have been assigned, rated, combined and adapted into a holistic assessment methodology for ML-

based BMs. Following the depicted gates within the AIMM from Biegel et al., the developed methodology 

allows less promising alternatives to drop out and thus to reduce sunk costs. Furthermore, the indicator 

system, containing of business-, application- and ML-related indicators, enables continuous tracking of BMs 

after being implemented in practice. 

The introduced methodology has been validated using an actual use case from the manufacturing industry. 

However, given the novelty of the approach, further validations, especially within the strategical phase of 

the methodology, are necessary – some have already been initiated. Furthermore, in the context of this paper, 

a broad overview of the selected methods was provided based on their theoretical evaluation. In the future, 

it is necessary to describe the developed methodology and especially its associated methods in more detail 

and give further instructions for the practical implementation and application. 
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Abstract

Automated,  modular,  asynchronous and locally controlled material  flow systems promise high routing 
flexibility  in  production  lines  because  their  conveying  modules  can  be  reconfigured  without 
reprogramming PLCs. However, if such material flow systems comprise cycles and different routes, they 
may exhibit undesirable deterministic chaotic inter-arrival times, which can lead to conveying bottlenecks 
when approaching maximum capacity. Since existing analytical models have not been practically adopted 
for  planning material  flow systems,  an approach for  detecting deterministic  chaotic  inter-arrival  times 
during production is proposed. It employs the Hough transform to identify trajectories in inter-arrival time 
phase  space.  The  approach  is  tested  with  a  laboratory  double  belt  conveyor  system,  in  which  non-
deterministic behavior is minimized. Results are compared with a previously published analytical model. It 
is shown that the proposed approach is able to detect deterministic chaotic inter-arrival times for the test 
cases. Phase trajectories are only partly identified. Future research should test and compare different line 
detection algorithms for their influence on the approach’s robustness in practical production environments.

Keywords

Assembly control; Material-flow; Discrete event systems; Time complexity; Automation

1. Introduction

In series production of piece goods, material-flow automation is a common approach to reduce non-value 
adding labor cost. This approach considerably affects production efficiency because the time of material 
handling is a considerable part of total manufacturing time. Following [1], its ratio is about 85%. 

A popular class of automated material transport systems employs double conveyor belts to transport work 
pieces that are located on work piece holders. Such systems support routing flexibility. Two conveyor belts 
are normally moving at constant speed and take work piece holders with them using friction. When a work 
piece holder encounters an obstacle, e. g. a stopper or another work piece holder that is already blocked, it 
stops while the conveyor belts continue to move underneath it. When the block finishes, the obstacle is 
removed and the work piece holder is again moved by the belts. For such conveyor systems, distributed 
control can be used to make them reconfigurable [2]. 

A typical layout of double conveyor belts comprises a main loop and several side loops, in which stations 
are situated. Each work piece holder contains a memory with its production plan and a pointer to its next 
production step. At each junction, the memory of an arriving work piece holder is read out e. g. via RFID. 
If a station that is viable for conducting the next production step is situated inside the side loop then - if 
possible - the work piece holder is routed to this side loop. Otherwise, it continues its journey in the main 
loop. This design allows decentralized control of the material flow system because a Programmable Logic 
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Controller (PLC) that is responsible for controlling one side loop does not require knowledge about the 
other side loops but may only communicate via the work piece holders' memories. 

Figure 1: Double conveyor belt system with one work piece holder.

This control  design allows reconfiguration of the material  flow system layout  without  reprogramming 
PLCs, which can be considered an advantage for agile production (c. [2]). However, it also implies that the 
material flows through the different routes are normally not synchronized. It has been shown in [3] that 
such non-synchronized routes in material flows may lead to deterministic chaotic behavior, which may  
lead to reduced conveying capacity that can reduce overall production efficiency of assembly systems. 

In practice, such state explosions are either ignored or they are counteracted with system designs that limit  
the  number  of  system states  but  that  are  harder  to  reconfigure  at  the  control  level.  Considering non-
synchronized production systems or production system chains this approach becomes infeasible.

Relevance of chaotic behavior in production systems with loops has been reported by several researchers  
(c. [4] and [5]). While effects on efficiency may be dominated in systems with high down-time ratio, it can  
lead to conveying bottlenecks when approaching maximum capacity. Furthermore, deterministic chaotic 
behavior  should  be  generally  avoided because  it  introduces  unlimited  numbers  of  system states,  i. e. 
dynamic complexity. In [6], it has been shown that stochastic effects such as processing time variability 
overlay but do not cancel this effect. Therefore, it would be desirable to detect such deterministic chaotic  
behavior when it happens during production in order to be able to counteract it e. g. by re-initialization. In 
[4],  a  mathematical  model  of  autonomously  controlled  production  networks  considering  time  delay 
systems  is  described,  which  allows  stability  analysis  using  Lyapunov  functions.  However,  practical 
management or control of the effect are considered hard because published models of the effect in [3] or 
[4] are difficult to understand and handle in engineering practice.

After  a  short  overview  of  present  approaches  to  material  flow  analysis,  this  work  presents  a  novel, 
practically applicable method for automatic detection of deterministic-chaotic material flow behavior. The 
method provides a measure  that  describes the complexity of the  trajectory that  the  inter-arrival  times 
converge to in phase space. In this context, the term phase space is considered in the context of discrete  
event systems and shall be defined as a space of two dimensional vectors, where the first component is the  
n-th and the second component is the (n+1)-th inter-arrival time. In a proof of principle, the method is
tested using a double belt conveyor system with two work stations that are situated in separate side flows.
Stochastic behavior is minimized in the tests. Should the method prove applicable to real world scenarios,
it could be used for on-line detection of chaotic material flow behavior in production systems.
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2. Models of deterministic chaotic material flow behavior

2.1 Material flow simulation

Today, material flow simulation is an established technology that is widely adopted throughout industry 
(c. [7]).  The  dominant  paradigm  is  to  employ  discrete  event  simulation  models  that  are  set  up  and 
parameterized in graphical user interfaces. Graphical definition of material flows and control flows are  
often accompanied by code that describes behavioral logic. An approach for reducing manual modeling 
effort has been proposed in [8].

Material  flow simulation has been employed to investigate deterministic chaotic effects with limitless  
growing state space in [6]. It was found that deterministic chaotic effects overlay stochastic effect so that  
either may be dominant (s. Figure 2).

Figure 2:  Simulated inter-arrival time patterns for normal distributed bottleneck station processing times 
with different standard deviations for a double belt conveyor belt system using 57 work piece holders [6].

A different approach is to employ physics simulation for material flow simulations to reduce modeling 
effort for the non-controlled environment behavior (s. [9]). Resulting motions are less abstracted than those 
of  discrete  event  simulations.  Therefore,  accelerations  can  be  investigated,  which  enables  optimizing 
conveying velocities (c. [9]). [10] provides a survey of 3D game engines that comprise physics considering 
their application for production system simulation.

2.2 Analytical material flow models

A well  researched  domain  of  analytical  approaches  to  model  and  analyze  material  flow  behavior  is  
queueing theory (s.  [11]). There, arrival times are assumed to follow stochastic distributions. If complex 
layouts are considered, these distributions normally follow specific types such as exponential distributions 
(c. [12]). 

Furthermore,  colored  Petri-networks  (c.  [13])  and  max-plus  dioids  (c.  [14])  have  been  employed for 
material-flow  analysis  of  flexible  manufacturing  systems.  Typically,  in  these  analytical  approaches 
deterministic chaotic behavior is ruled out by a-priori assumptions or by modeling rules that are required  
for applying model analyses. 

In  [3],  series  based  analytical  models  for  deterministic  chaotic  inter-arrival  time  behavior  has  been  
presented. However, practical applications of the approach are limited because an analytical measure for 
comparing or assessing the time series is missing.

3. Method for detecting deterministic chaotic inter arrival times

The main idea of the method is to treat scatter plots of the phase space of inter-arrival times, i. e. the plot of 
the n-th and (n+1)-th inter-arrival time as images, on which the probabilistic Hough line transform [15] is 
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employed for line detection. If lines are detected then there are visible trajectories in phase space that  
indicate  deterministic  chaotic  behavior.  The number  of  lines  is  employed as  an indicator  of  dynamic 
complexity.

As an input, the proposed method employs arrival times of work piece holders at a specific location in the  
main loop. This location is situated in the region in front of a fork joint that leads to a bottleneck station. In  
front of the location, there must be a queueable conveyor section (s. Figure 1). Since modern PLCs have 
access to an internal clock, detection of arrival times is easily implementable. However, for the method 
time accuracy is crucial so that the logging of arrival times should run in a fast loop that is separated from 
the main control program. The method's steps are conducted as follows:

 Arrival times are stored with a sampling frequency of 1000 Hz in a ring buffer of 100 values inside 
the PLC.

 Each 20 ms, the ring buffer is read out by a computer that is connected via field bus.
 After each read out, the new arrival times are converted into inter-arrival times by subtracting the 

previous arrival time.
 Each inter-arrival time is mapped to a 2D histogram with 100 bins for each axis (optimum bin size  

may vary for different systems), in which the x-coordinate represents the (n)-th inter-arrival time  
and the y-coordinate represents the (n+1)-th inter-arrival time. 

 A binary matrix is set up, in which each element corresponds to a bin. Each matrix element is set  
to 255 for empty bins and to 0 for non-empty bins. 

 The matrix is extended by 1/5 its size at each border, i. e.  20 elements are padded at the top, 
bottom, left and right border so that the matrix size becomes 140x140.

 The Canny edge detector [16] is applied to the matrix as it were an image.
 The probabilistic Hough line transform (s. [15]) is applied on the result.
 Resulting lines are counted.

Table 1 provides an overview of the parameters for the Canny edge detector and the probabilistic Hough  
line transform, which have been manually derived.  

Table 1: Parameters for the algorithms

Algorithm Parameter Value
Canny Gaussian filter kernel size (x and y) 10

Hysteresis procedure threshold 1 100
Hysteresis procedure threshold 2 200
Sobel operator aperture size 7

Probabilistic Hough Line Transform Distance resolution 20
Angle resolution [rad] 0.17
Voting threshold 50
Maximum gap between points 30

4. Tests setup

The tests have been conducted with a Bosch TS/2+ based conveyor system (s. Figure 3). The double belt 
conveyor system comprises a main loop and two side loops. Processing times of both stations are 10 s.  
Conveying speed is 0.22 m/s. The production plan for each work piece holder is Station 1 → Station 2 → 
Station 1 → etc.
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Figure 3: Test setup with double belt conveyor

The overall system is controlled by three independently operating PLCs (one for the main loop and one for 
each side loop). The main control program cycles of the three PLCs are not synchronized with each other. 
Arrival times measurements are performed independently on one PLC so that the PLC runs both the main  
control program and a measurement program with 1 ms cycle time. 

Behavior at the joints follows one pattern that is commonly found in industry:

When a work piece holder arrives at a fork joint of a side loop with its next station then it is immediately 
routed  into  the  side  loop if  possible.  If  the  side  loop is  blocked because  of  a  queue  in  front  of  the 
bottleneck station, the work piece holder waits for 4 s, during which it is routed to the side loop as soon as  
no block is present any more. If the block lasts longer then the work piece holder continues traveling along  
the main loop.

When a work piece holder arrives at a merge joint, the side loop always gets precedence so that blocking 
of the station inside the side loop is avoided.

Work piece holders are initially queued at the stopper behind the long outer section of the main loop (front  
conveyor right in front of the turning unit in Figure 3)

Tests are conducted with each number of work piece holder numbers starting at 1 and ending at 32. At 32  
work piece holders, a deadlock immediately occurs. Note that deadlock situations start occurring at 26 
work piece holders and above after less than one minute.

5. Results

For 1 to 7 work piece holders, all detected lines are situated close to the x and y axes, and no chaotic  
behavior can be observed. Note that for tests with 3 work piece holders or less, no lines are detected  
because of the maximum gap parameter employed.

Figure 4 visualizes the test results for 7 to 14 work piece holders. Doing a visual analysis, an increasingly 
relevant pattern that covers areas far from the axes emerges. The pattern is highly visible for 12 work piece  
holders and disappears in tests with 14 work piece holders and more. In the pattern, polygonal features are 
manually observable. 
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Figure 4: Test results after 15 min. The inter-arrival time matrix is derived from a histogram following Figure 2.
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The lines that are detected by the method generally follow the visually observed patterns. However, more  
lines  are  generated  than  expected.  In  the  case  of  9  work  piece  holders,  lines  near  the  axes  are  not  
generated. Note that while line detection accuracy depends on the four parameters for the Probabilistic  
Hough Line Transform that are shown in Table 1, the most critical parameter has been the maximum gap 
between points. The result that the maximum number of generated lines clearly indicates the situation with  
the strongest pattern at 12 work piece holders is robust against parameter variations of less than ± 10%  
maximum gap between points.

6. Discussion

The proof of principle test demonstrates that for the considered scenario, the proposed method can be  
employed to automatically detect deterministic chaotic material flow behavior in double conveyor belts.  
The method and its algorithms that are state of technology in image analysis are able to extract lines that  
follow phase space trajectories. 

However, while the number of detected lines grows with the convolution of the inter-arrival time pattern, 
the gaps in the pattern that remain after 15 min measurement time lead to misidentified lines. In the case of  
13 work piece holders, lines are detected at the left side that go from bottom left to top right. Considering  
the other patterns, one would expect one line that is vertical and two parallel lines from top left to bottom 
right,  which represent  different  routes through the system. These patterns become more dominant  for 
longer test times. Effectively, the maximum gap between points parameters prevents correct detection of 
lines for the considered 15 min measurement time. However, reducing the maximum gap parameter results 
in a lower overall number of recognized lines to a point, in which the approach does not yield usable  
results.  Therefore,  the  proposed  approach  is  considered  unsuitable  for  detecting  root  causes  for 
deterministic chaotic behavior or for phase space trajectory reconstruction.

Nevertheless,  automatic  detection  of  chaotic  behavior  may  provide  insights  for  operative  production 
management about system design shortcomings. The approach can easily be applied to existing conveyors 
e.g. by adding one proximity sensor per material flow loop. Employed at a large scale, it  could draw
attention to hidden issues that are normally covered by down times, breaks or idle times.

Besides its application using data from PLCs, the method can be directly applied to co-simulations e.  g. in 
digital  twins.  Application  in  the  design  phase  of  systems  would  allow  early  checks  for  undesired 
deterministic chaotic behavior.  As an addition to commonly used design quality checkers, the method  
could help to improve production system design.

7. Conclusion and Outlook

An approach for detecting deterministic chaotic inter-arrival times has been presented. In a test scenario, it  
has  been  shown to  automatically  detect  patterns  in  inter-arrival  time  phase  space.  As  a  next  step  of 
research, the approach should be tested in real production situations that exhibit stochastic effects.  If the 
results  from the  described  laboratory  test  are  reproducible  in  industrial  production  environments,  the 
approach may help improve capacity flexibility by front loading issue handling. Instead of solving material 
flow bottlenecks  that  are  caused  by  deterministic  material  flow chaotic  behavior  when  production  is 
maximized, detection may trigger a system or control redesign during normal operation.
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Abstract 

Similar to open source software, the open source hardware (OSHW) movement is seen as a technology driver 

which can enable developing economies to leapfrog their industries. While machine tools are a subset of 

OSHW, they have received relatively little academic attention compared to electronic OSHW. This study 

applies an explorative research approach and analyses open source designs for machine tools freely available 

on the internet. By coining, the term open source machine tools (OSMT), it determines their applicability in 

low resource contexts and identifies the potential of OSMTs in democratizing manufacturing technologies. 

OSMTs thereby encourage diversification, entrepreneurship, and inclusive industrial development, thus 

contributing to the implementation of Sustainable Development Goal no. 8 which aims to promote inclusive 

and sustainable economic growth. Specific areas for OSMT application in low-resource contexts and factors 

and barriers affecting their success are singled out. 

Keywords 

Open Source Hardware; Democratizing Manufacturing; Open Source Machine Tools; SDG; Technology 
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1. Introduction

In the developing and least developed countries (LDCs), more than five billion people live in resource 

constrained contexts [1]. The global digital divide exacerbates this phenomenon: On the one hand, 

industrialized nations witness the evolution of industry 4.0, artificial intelligence, and associated 

technologies at a rapid pace; on the other hand, there is a persistent lack of technical know-how, digital 

infrastructure, and lack of scientific research capacities in developing countries and LDCs. As a 

consequence, this last group is left behind in global development. This has recently become even more 

evident as resource constrained environments have been hit hard by the disruption of globalized supply 

chains due to the COVID-19 pandemic [2]. People at the bottom of the socioeconomic spectrum, the so-

called bottom of the pyramid, are affected most by this. These dynamics can be seen not only on the 

international but also on the national level. 

To mitigate these inequalities, development theorists have frequently called for faster and more 

comprehensive inclusion of developing and LDCs into the global network of industrialized nations as well 
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as for the creation of competitive environments to stimulate innovation and boost productive capacities1 [3]. 

This is vital for sustainable and equitable economic growth that localizes production and explicitly includes 

communities and individuals at the bottom of the pyramid [2], especially as traditional developmental 

approaches such as dissemination of technology have often not yielded the intended successes.   

Developments in the field of open source economics have recently offered opportunities to contribute to this 

goal. Not only are many software programs freely available for anyone to access, use, modify, distribute, 

and sell, but open source principles are increasingly applied to all kinds of tangible products in the form of 

open source hardware (OSHW). OSHW is a broad term that includes virtually any kind of tangible item that 

is produced based on information that is freely accessible, from toys and furniture to farming machinery. 

Research on OSHW has focused primarily on products such as medical devices [5,4], laboratory equipment 

[6,7], renewable energy systems [8,9] and also on improving education through OSHW [10,11]. However, 

even though it is precise about open source aspects, the OSHW definition makes no differentiations between 

the many different types of hardware that can be built based on open source principles. This paper advocates 

for the need of subclassifications catering to the particularities of the different kinds of products included in 

the OSHW definition and proposes the conceptualization of open-source machine tools (OSMT) as a distinct 

subdomain of OSHW. On the basis of this definition, this paper furthermore identifies OSMT’s potential 

and challenges to democratize manufacturing and to contribute to the implementation of the SDGs and to 

enable emerging countries to leapfrog their economies through cost-effective, sustainable, and inclusive 

capacity building.  

2. Background 

2.1 The limits of traditional production technology  

In industrial production technology practice, the innovation process has generally been closed source. As 

this innovation requires a high input of knowledge and capital, the process is largely barred to most SMEs 

in developing countries as they lack the necessary human and financial resources to carry out research and 

development [28]. Closed source production technology thus is a cohesive circle that hinders the 

dissemination of knowledge and capital to developing countries [12]. Many industrialized countries have in 

the last decades developed a consciousness for the intrinsic inequalities of traditional production technology 

and have put forward developmental efforts aimed at making advanced technologies available in developing 

contexts [13]. However, this top-down developmental aid has not always yielded the anticipated results 

[15,14]. Based on this observation, bottom-up economics utilizing the concept of co-creation enabled by 

participation and collaboration such as open source economics can be used as a means to achieve inclusive 

and sustainable development [16].  

2.2 Open Source Hardware (OSHW)  

With its roots in open source software (OSS), OSHW applies the open source principles to tangible objects 

such as machines, devices, or other physical artifacts [17]. The miniaturization of microcontrollers and 

electronics, coupled with increased accessibility to digital fabrication technologies lowering the barriers to 

rapid prototyping, have accelerated the evolution of OSHW technology. The democratization of the internet 

has allowed makers and creators to freely share their designs and know-how, while communities around the 

world replicate these designs, build upon them, and further improve them [18].  To qualify as OSHW, the 

design files required to reproduce the machine or device must be made openly available for anyone to study, 

modify, distribute, make, or sell [19]. Simple replication of an object only requires a bill of materials (BOM) 

 

1 Productive capacities are defined as “the productive resources, entrepreneurial capabilities and production linkages that together determine the 
capacity of a country to produce goods and services and enable it to grow and develop.” [2]. 
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and build instructions; editable documents such as computer-aided design (CAD) files in the native format 

are furthermore necessary to make modifications of OSHW projects. Other instructions such as assembly 

guidelines, drawings, or electrical schematics can also be made available. Based on this information, a user 

can either replicate a design, further develop it, or simply extract ideas for other projects [20]. In contrast to 

OSS, which relies exclusively on computers, OSHW requires tools, machines, and raw materials for 

replication. This increases OSHW’s transaction costs and complexity compared to OSS [10].  

In OSHW, two general domains can be distinguished, namely hedonic and utilitarian. With a majority of 

OSHW projects being hobbyist gadgets, DIY projects in the developed world can be classified as being 

predominantly hedonic in nature [21]. In contrast, in emerging economies, DIY machines mostly serve a 

utilitarian purpose [22]. Given that a majority of the OSHW projects are developed in industrialized countries 

and are designed according to their local resources, needs, and requirements, exact replications of these 

projects can be inefficient, uneconomical, or even unfeasible in the developing world [23]. Based on this 

observation, the concept of open source appropriate technology (OSAT) has emerged [24,18] which is based 

on the argument that advanced technologies are not appropriate for the contexts of developing nations. 

Instead of exporting the technologies of industrialized countries, technologies should be developed to fit the 

specific cultural, environmental, socioeconomic, and educational contexts in which they are to be applied 

[25]. Appropriate technology is characterized by having low capital demands, being locally controlled, 

decentralized, small-scale, labour-intensive, and energy-efficient [26]. OSAT’s goals to adapt technology to 

human needs and specific socioeconomic and cultural contexts are nowadays also often seen in relation to 

sustainable and environmentally sound technologies [27].  

3. Building on the Shoulders of Giants: Conceptualizing Open Source Machine Tools (OSMT) 

One category of items that has in recent years increasingly been built based on open source principles are 

machine tools. The term machine tools has varying definitions but has generally referred to forming, milling, 

or grinding machines with a focus on metal processing. Machine tools are directly or indirectly used to make 

every modern human-made object and with their ability to produce the components required to make other 

machines, machine tools are aptly known as “mother machines” [28]. Microelectronics and computer 

technology have allowed the digital control of machine tools, introducing the nowadays widely used 

Computer Numerical Control (CNC) systems. “Digital fabrication machines” is another umbrella term that 

includes all machines that can be digitally controlled, whereby laser cutters and 3D printers are also included 

along with conventional CNC machine tools [27]. For the sake of conciseness and to allow for a certain 

degree of generalization, we will refer to all these machines – CNC controlled or not, hobbyist or industrial 

grade – that enable the production of products simply as machine tools.  

With their importance for different industries and their potential to bridge sectors, technological 

developments in machine tools are regarded to generally have the highest impact on the productivity of 

economic systems compared to innovations in other fields [29,30]. However, only a few industrialized 

nations are the sole producers of machine tools and manufacturing technologies [31]. Many developing 

countries lack the resources and know-how to invent and produce such technologies themselves thus rely on 

buying them abroad. This, however, requires not only high upfront capital investments, but these machine 

tools are often difficult and expensive to import into low-income countries due to high shipping costs, 

customs taxes, and administrative hurdles. A lack of technical know-how and low technological literacy2 

further exacerbate these challenges. Taken together, the cost of purchasing and using a high-tech machine 

tool is prohibitively high in resource constrained contexts; this confirms the assumptions of appropriate 

 

2 The ability to work with technology in different ways, from understanding over accessing and using to managing it, is called technological literacy 

or technology literacy. For an individual to obtain technological literacy, a certain degree of digital literacy is an important precondition. Via digital 
devices such as computers, said individual is enabled to make use of digital information in various forms that is accessible on the internet [32]. 
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technology. Therefore, even though machine tools can be regarded as decisive technology drivers for 

economic growth that have the potential to leapfrog developing economies, high-tech machine tools are 

often unattainable in developing contexts.  

The OSHW movement offers a potential solution to this problem: By applying OSHW principles to machine 

tools and making build instructions, BOMs, electronic schematics, and CAD files for machine tools freely 

available on the internet, the divide in their accessibility between industrialized and developing economies 

could be bridged and bottom-up, community-driven developmental approaches could be strengthened. While 

open source machine tools already exist in myriad forms, they have, however, not previously been defined 

as such. The concept of open source machine tools was first used by Pat Delany, who designed and developed 

OSHW projects focused on machine tools for “do-it-yourself global development” [33]. Recent years have 

also seen collective efforts such as Open Source Ecology’s Global Village Construction Set [34], which is a 

set of 50 open source industrial machines and machine tools required to build a small but sustainable 

civilization,  as well as individual efforts from the maker community such as the PrintNC open source CNC 

mill [35] and the Voron, an open source 3D printer [36]. By applying OSAT design principles and open 

collaboration, these projects have been able to develop machine tools for a fraction of the cost of their 

commercial counterparts, and they have been successfully replicated by the community [37]. Online 

repositories like the Open Hardware Observatory have compiled a list of self-built machine tools collected 

from the internet by means of a crawlerbot3 using keywords such as ‘DIY’ and ‘homemade’, and have sorted 

them into various machine tool categories [39]. These DIY or homemade machine tools range from desktop 

machines weighing a few kilograms to large scale industrial machines. Out of the thousands of designs 

online, only a handful (10 – 20 machine tools per category) fulfil the OSHW requirements as most do not 

publish any blueprints to allow replication [40].  

However, despite open-source machine tools’ great potential for inclusive economic growth and their 

popularity among the maker community, they have hitherto been neglected in academic OSHW research. 

This paper therefore proposes the introduction of open-source machine tools (OSMT) as a distinct concept 

under the domain of OSHW to reflect their importance, to encourage research and standardization efforts in 

the field and to foster dissemination. To meet the minimal requirements to qualify as OSMT, an item must 

be a machine tool as defined above. Parallel to the OSHW definition, a machine tool can be considered to 

be open source if all the plans and instructions that are needed to reproduce it are publicly available under 

free terms and for anyone. Furthermore, the project source files should be easily accessible to allow for 

community collaboration in the development, replication, and feedback processes. Due to the open 

development process of these products and the holistic and dynamic involvement of stakeholders in all stages 

from ideation over production to modification, OSMT can be considered a disruptive innovation. 

Considering the complexity of machine tools, the design sharing function is a key differentiator of OSMT 

from proprietary machine tools, whereby end users can save tremendous research and development efforts 

by building on the experience or findings of other users, thus avoiding constant reinventions [41]. Since 

OSMT are built by the end-users, they are then also able to maintain and fix any issues that could arise during 

the lifetime of the machines. Production occasionally requires custom machine tools for which there might 

not be an ideal solution on the market and that is when a self-built machine tool can optimally use available 

workshop area and be built according to user’s specific needs and requirements. With most open source 

practitioners being individuals working from their homes or garages, the parts and resources for these 

machines are often cheaper options compared to their industrial counterparts, which can sometimes cause 

reliability issues. Moreover, as many of the designers are no engineers, there is also often a lack of 

engineering best practices, which can lead to either under- or overengineered solutions. However, through 

standardization efforts and focused research in these fields, in the future, OSMT have the potential to attain 

3 Webcrawling is the technical term for automatically accessing a website and obtaining data via a software program [38]. 

259



 

 

the reliability, performance, and quality normally associated with commercial machine tools. Projects like 

the Helmut Schmidt University’s Open Lab Starter Kit, which aims at designing meticulously documented 

and globally replicable open source machine tools that comply with industry norms hence prioritizing user 

safety, can help this process.  

4. OSMTs’ role in implementing the SDGs 

OSHW can constitute a sustainable developmental alternative for developing industries by fulfilling the 

criteria of OSAT which combines the principles of appropriate technology with open source characteristics. 

Especially the subdomain of OSMT has great potential for this as it is able to “meet the boundary conditions 

set by environmental, cultural, economic, and educational resource constraints of the local community” [18]. 

OSMT developed under OSAT principles – by making use of locally available resources, using off the shelf 

components, offering customization towards specific user needs as well as expandability or upgradability, 

integrating community support to answer technical questions – are affordable, easily accessible, and flexible. 

This democratization of machine tool access can lead to more inclusive and sustainable economic growth by 

offering opportunities for new business models. It is therefore directly related to the implementation of the 

Sustainable Development Goals (SDGs) [42]. Moreover, OSMT can be the key to building local production 

capacity which is vital to realize the goals of achieving a circular economy by localizing production [43].  

OSMT can be regarded as a key enabling technology that lowers the barriers to manufacturing in developing 

countries. By opening up opportunities to prototype, design, create, and invent products that are intimately 

adapted to local markets and needs, local entrepreneurship is strengthened. As machine tools, that would 

normally have been imported, can be produced locally based on OSHW principles, local economies become 

more resilient and less vulnerable to economic shocks through reduced import dependency. It eliminates the 

need for high upfront capital investments and facilitates a quick return on investments as OSMT are cheaper 

compared to conventionally produced machine tools [37]. This further encourages economic diversification 

by offering more business opportunities with less risk, especially for SMEs with little human and capital 

resources, all the while strengthening resilience by offering options for circular economic models. In this, 

OSMT contribute to the implementation of SDG no. 8, and especially target 8.2, which aims at promoting 

“sustained, inclusive, and sustainable economic growth […]” by achieving “higher levels of economic 

productivity through diversification, technological upgrading and innovation” [44]. 

Next to bridging differences in the economic development on an international level, the adoption of OSMT 

also has the potential to bridge national inequalities. In this, it helps to achieve SDG no. 10, which targets 

the reduction of “inequality within and among countries”, by contributing to sub-target 10.2. (“[…] empower 

and promote the social, economic and political inclusion of all, irrespective of age, sex, disability, race, 

ethnicity, origin, religion or economic or other status”) [44]. Xenophobic national economic policies can 

disadvantage certain groups of the society and exclude them from equitable economic development [45]. 

Here, OSMT can empower marginalized communities that are failed by conventional development policies 

to become self-reliant and pursue bottom-up economic growth, thus making inclusive and fair development 

a reality. To realize this potential of OSMT and to use them to address the SDG implementation, there is an 

additional need for new educational models and incentives.   
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5. Potential Challenges to OSMT Adoption 

While further research is necessary to determine the barriers to OSMT adoption in specific local, resource-

constrained contexts, some general challenges can already be anticipated. One basic factor hindering the 

adoption of open-source technology is the lack of awareness of OSHW in general and particularly OSMT. 

Limited access to the internet and low digital literacy decrease accessibility as OSHW projects are often 

strewn over the internet across various forums, social media platforms and online repositories [46]. To meet 

this challenge, it has been suggested that a global centralized open source database be created to house all 

OSHW projects that are relevant to the UN Sustainable Development Goals (SDGs) [46].  

A further challenge is the replicability of OSMT projects. Encompassing the fields of mechanics, electronics, 

and software, building a machine tool can be a complex endeavour requiring proficiency in various domains 

such as precision fabrication, high voltage electrical wiring and software configuration. In contrast to OSS, 

where replication mostly involves downloading and running a code, the replicability of OSMT depends on 

more pre-requisites such as required manufacturing tools, accessibility of parts and raw materials, as well as 

considerably more technical know-how, digital literacy, money, and time. An OSMT project can be 

considered replicable if a functional version of the project can be built by builders in their respective 

locations, which is also a key characteristic of the OSHW definition [47]. As user requirements and access 

to parts, raw materials, and manufacturing capability differ in different regions of the world, developing 

globally accessible designs that are also locally adaptable remains a challenge. Language barriers and 

cultural differences are further factors that potentially hinder replicability. 

OSMT need to moreover be designed in a way that people with little formal education are also able to access, 

manufacture, assemble, and use the machine tools. The local unavailability of building materials and 

machine tools to manufacture components in the context of limited resources could potentially hinder the 

replication of a product that could easily be built in non-constrained circumstances. This is especially likely 

for electronic components and precision machined components. The arising need to import the building 

materials from elsewhere counteracts many of the advantages of OSMT described earlier. However, the 

increase in locally built OSMT could potentially create a market pull for local suppliers of machine tool 

components to emerge, which creates the possibility of new supplier networks and corresponding business 

models.  

A further challenge lies in the fact that many projects are also outdated, provide insufficient instructions, or 

lack robustness and quality, thus hindering replication. Without meticulous documentation of the fabrication 

methods and assembly guidelines, the machine tool might turn out imprecise or unusable or the process 

could pose hazards to the safety of the builder. One aspect that is specific to the design of proprietary machine 

tools for industrial use is that the machines are designed with design standards and norms such as the CE 

certification that ensures compliance with the EU machinery directive (2006/42/EC) and hence the safety of 

the end user. With no regulatory requirements to abide by, the user safety aspect is commonly neglected in 

the development of OSMT, since they are often designed for personal use in provisional workshops and 

therefore do not need to conform to any industry norms. Without the need to commercialize the machine, 

there is often no incentive to invest resources, time, and money on the extra development effort required to 

build industry-compliant machines.  Organizations such as the open hardware repository have developed a 

community-based OSHW certification process which is carried out by experts who check designs for user 

safety and reliability, thus aiming to develop quality standards for OSHW [48]. A similar process to verify 

the safety and reliability of OSMT is paramount to safe diffusion of these technologies, but the complexity 

of the machine tools is likely to make this a challenge. Moreover, new business models need to be derived 

that gives OSMT practitioners sufficient incentive to develop well-documented OSMT that also take user 

safety and industry standards into consideration.  
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6. Conclusion and Future Works

Coining the concept of OSMT shows the potential and necessity for subclassifications under the domain of 

OSHW. This is hoped to stimulate future research specifically on machine tools’ particularities in open 

source contexts as well as encourage further conceptualizations of other types of OSHW. By defining OSMT 

as a distinct concept, it is also possible to analyse their specific potential for sustainable, context-appropriate, 

and inclusive development and their ability to contribute to the implementation of the SDGs. 

As disruptive innovations, OSMT are here not intended as a competition to industrial machine tools whose 

technological efficiency and precision have evolved over decades, but rather as a means of making machine 

tools more accessible and affordable to communities and individuals who would otherwise not be able to 

use machine tools at all, thus democratizing manufacturing. This, in turn, can strengthen the local job market, 

re-shore manufacturing, lower import dependence, and create more resilient, equitable, and inclusive 

economies in emerging contexts. By doing so, OSMT allow developing, resource constrained economies to 

leapfrog their industries in a sustainable and inclusive way, making the innovations of Industry 4.0 accessible 

to them, and helping to close the ever-widening technological gap. 

However, the successful adoption of OSMT requires more than just engineering innovation. Technology 

adoption and diffusion in developing economies are complex socio-technical issues which demand a multi-

disciplinary approach that incorporates the diverse perspectives of engineering, social sciences, 

developmental economics, and governance. Such holistic approaches, in which the roles of various 

stakeholders, public values, and technological innovations are taken into account [49], are important because, 

even with the right intentions, innovation applied wrong can potentially lead to social exclusions and 

increased inequalities [50,51]. While being wary of falling into the traps of paternalism [4], policy-driven 

top down approaches as well as community-aligned bottom up approaches need to be considered to truly 

facilitate inclusive capacity building in emerging economies [16]. To further evaluate the potential of OSMT 

and determine barriers and challenges associated with their adoption, pilot projects and associated research 

such as the Open Lab Starter Kit [40] will need to be carried out and monitored in the long term.  
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Abstract 

A prerequisite for value stream design is the segmentation of products into families. This means that all 
products of a family are assigned to the same group of workstations so that the resulting material flows are 
separated as good as possible, and a higher degree of transparency is reached on the shop floor. However, 
since the number of workstations as well as their capacity is limited, shared resources cannot always be 
avoided in practice. Furthermore, the objective of product family orientation may compete with the objective 
of fulfilling product-workstation preferences. These preferences result, for example, from required 
equipment like specific tooling or from capability requirements. An optimization heuristic for this product-
workstation allocation problem is presented within this article. First, the mathematical problem is formally 
described, then the heuristic is introduced and the required data for its application is outlined. For the 
evaluation, an extensive test set is generated, comparison heuristics are implemented, and solutions are made 
comparable through problem-specific bounds for both objectives. The results show that the solution quality 
of the pareto heuristic for both objective functions achieves almost the level of the comparison heuristics, 
which optimize only one of the objectives in isolation. 

Keywords 

value stream design; segmentation; pareto optimization 

1. Introduction

Value stream design (VSD) is a widely used method to re-design material and information flows with the 
target of achieving a leaner, waste-reduced future state. The method is characterized by its simplicity and its 
application has led to significant improvements throughout different industries [1]. Practitioners particularly 
value the transparency and improvements achieved by the application of VSD [2]. However, in complex 
production environments, such as in high variety - low volume type companies, the application of the 
standard method is challenging [3]. Therefore, the increasing data availability in production can be facilitated 
to holistically support the value stream method with data analytics [4]. 

The segmentation of product families is a prerequisite for VSD. Families are identified by the similarity of 
the products’ process steps in the downstream segment of the value stream, usually supported by a product-
process-matrix [5]. In the segmentation, resources of each process are assigned to the product families with 
regards to their demand. This way, material flows are unbundled, the shop floor is structured, clear 
responsibilities can be assigned, departmental interfaces are reduced, and simpler planning and control 
mechanisms as well as the easier identification of improvements are facilitated through a higher degree of 
transparency [6]. However, experience from various VSD projects shows, that this step is frequently 
neglected and there are two major reasons for that:  
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Firstly, identifying product families is particularly challenging if the product portfolio is very big and 
material flows are complex. This challenge can be countered with data analytics approaches applied to the 
product-process matrix [7]. Since the matrix can contain hundreds or thousands of products in mixed model 
value streams, a computer-aided sorting logic can help to visualize product family affiliations [8]. 
Furthermore, the application of cluster algorithms supports the identification of product families [4,7,9].  

The second challenge in value stream segmentation is to realize a good product-workstation allocation that 
results in separable segments for the determined product families while considering workstation preferences 
and capacity restrictions. Following the standard design approach, product demand and workstation 
capacities are initially not taken into account and therefore, solutions are not practicable and must be adjusted 
iteratively [6]. Smaller adjustments can be achieved through optimizations in processing times, setup times, 
or availability. For bigger adjustments, operating times, shift models, the number of workers or machines 
must be increased or decreased, or products must be moved to other workstations with overcapacity. 
Depending on the initial situation, this typically results in a value stream design with shared resources and 
unevenly levelled workload. Additionally, workstation prioritizations are not taken into account in the 
standard approach. These prioritizations may result from restrictions such as required equipment, available 
workspace, degree of automation, or simply from personal preferences. In order to develop value stream 
oriented design proposals for such multi-dimensional solution spaces in complex production environments, 
smart optimization heuristics are required [10]. 

To support a product family-oriented segmentation under consideration of the available capacities, this paper 
proposes a heuristic planning approach. The multi-objective optimization problem as well as its restrictions 
are formulated in the next section, followed by the description of the product-workstation allocation planning 
heuristic and an outline of the required business data. Eventually, the approach is evaluated with a generated 
test set using assessment measures to estimate the solution quality in relation to the solution space and 
comparison heuristics that allow for contrasting with other feasible solutions. 

2. Problem Definition 

As illustrated in Figure 1, the product family-oriented segmentation transfers unclear material flows (left) to 
a clearly structured shop floor with fewer shared resources (right). This target is reached through a well-
planned assignment of products to workstations which are limited in capacity. In the lower right of the figure, 
it is illustrated how the workload of two product families adds up on a shared resource but is covered by the 
slightly higher capacity of the respective workstation. Another aspect to consider in a well-planned product-
workstation allocation is the workstation prioritizations that may exist for the products to be allocated. 

 

Figure 1: Segmentation of the material flows of three product families 
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An ideal solution is characterized by: 

A) an unambiguous dedication of workstations to product families so that clearly separatable 
segments are created with as few shared resources as possible, where 

B) as many products as possible are assigned to their most prioritized workstation. 

With the two independent objectives product family separation and prioritization-based assignment, this is 
a pareto optimization problem. It is characteristic for these kinds of problems that there is a set of pareto 
optimal solutions - the so called pareto front, for which no objective value can be improved without 
worsening the other. An optimal choice among these solutions depends on the decision maker’s preferences. 

The restrictions to this allocation problem are: 

 every product belongs to one product family 
 every product must be assigned to one workstation for every process it passes 

 the total load of all assigned products must be covered by the capacity of the workstation 

The mathematical problem formulation is outlined in the following. The objectives are described in section 
0 and the restrictions are discussed in section 2.2. Since the product-workstation allocation for each process 
in the value stream is independent of the other processes’ allocation, the problem is formulated for the 
consideration of one process. The used notations are summarized in Table 1. 

Table 1: Notations 

𝐹𝑊𝐴 ,  Binary variable that indicates whether at least one product of family 𝑓 is allocated to workstation 𝑤𝑠 

𝐹𝑊𝐴  Total number of assignments of product families 𝑓 to workstations 𝑤𝑠 
𝑃𝑟𝑖𝑜 ,  Prioritization value for product 𝑝 to be allocated to workstation 𝑤𝑠 

𝑃𝑟𝑖𝑜  Total prioritization reached by all product-workstation assignments 
∅ 𝑃𝑟𝑖𝑜 ,  Average prioritization value of all unassigned products of a family 𝑓 for a workstation 𝑤𝑠 

𝑥 ,  Binary decision variable that indicates whether product 𝑝 is allocated to workstation 𝑤𝑠 

𝑧 ,  Binary parameter that indicates whether product 𝑝 is part of product family 𝑓  

𝑦  Binary parameter that indicates whether product 𝑝 is produced on this process 

𝐿  Workload of workstation 𝑤𝑠 
𝐶  Capacity of workstation 𝑤𝑠 

𝑐𝑡 ,  Cycle time of product 𝑝 at workstation 𝑤𝑠 

𝑑  Demand per week for product 𝑝 at the considered process 

𝑠  Number of shifts for workstation 𝑤𝑠 
𝑜𝑡  Operating time of workstation 𝑤𝑠 

𝑂𝐸𝐸  Overall equipment effectiveness for workstation 𝑤𝑠 
𝐹 Set of product families 
𝑃 Set of products 

𝑊𝑆 Set of workstations  
𝑓 Index for product families 
𝑝 Index for products 

𝑤𝑠 Index for workstations 

 

2.1 Objectives 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐹𝑊𝐴 = 𝐹𝑊𝐴 ,

∈ ∈ 

 
(1)  

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑃𝑟𝑖𝑜 = 𝑃𝑟𝑖𝑜 ,

∈∈ 

∙  𝑥 ,  
(2)  
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with: 

𝐹𝑊𝐴 , =  
1,  𝑖𝑓  𝑥 ,  ∙  𝑧 ,  >  0

 ∈ 

0, 𝑒𝑙𝑠𝑒

 ∀ 𝑤𝑠 ∈  𝑊𝑆, ∀ 𝑓 ∈ 𝐹 (3)  

The binary decision variable of the problem is 𝑥 , , which indicates whether product 𝑝 is assigned to 

workstations 𝑤𝑠 (𝑥 , = 1) or not (𝑥 , = 0). 

Equation (1) expresses objective A): the number of assignments of product families 𝑓 to workstations 𝑤𝑠 
must be minimized, so that resources are shared with as few product families as possible. These family-
workstation assignments are described by the binary variable 𝐹𝑊𝐴 , . In equation (3), 𝐹𝑊𝐴 ,  takes the 

value 1, if at least one item of product family 𝑓 is assigned to workstation 𝑤𝑠, and 0 otherwise. The binary 
parameter 𝑧 ,  in this equation indicates whether a product 𝑝 belongs to the product family 𝑓. Thus, the 

product of 𝑥 ,  and 𝑧 ,  is 1 if a product of the considered family is assigned to the workstation 𝑤𝑠 via 

𝑥 , . Summing 𝐹𝑊𝐴 ,  for the set of all existing families 𝐹 in equation (1) gives the number of families 

sharing a workstation 𝑤𝑠. Summing this number of planned product families per workstation for the set of 
all workstations 𝑊𝑆, results in the total number of family-workstation assignments to be minimized.  

Equation (2) expresses objective B): assignments must fulfil the highest possible product-workstation 
prioritizations. 𝑃𝑟𝑖𝑜 ,  is a parameter indicating the preferences for each product 𝑝 to be produced on 

workstation 𝑤𝑠. In practice, these prioritizations can be collected in the form of a product-workstation 
prioritization matrix [7], in which 𝑃𝑟𝑖𝑜 ,  can take any real number. However, it makes sense to use a 

predefined scale for the value range when collecting the prioritizations. The product of 𝑃𝑟𝑖𝑜 ,  and 𝑥 ,  

is summed for all products and workstations, so the result is a total prioritization value to be maximized. 

2.2 Restrictions 

𝑧 ,

 ∈ 

= 1 ∀ 𝑝 ∈ 𝑃 (4)  

𝑧 , ∈ [0,1] ∀ 𝑝 ∈ 𝑃, ∀ 𝑓 ∈ 𝐹 (5)  

𝑥 , =  𝑦

 ∈ 

 ∀ 𝑝 ∈ 𝑃 (6)  

𝑥 , ∈ [0,1] ∀ 𝑝 ∈ 𝑃, ∀ 𝑤𝑠 ∈ 𝑊𝑆 (7)  

𝑦 ∈ [0,1] ∀ 𝑝 ∈ 𝑃 (8)  

𝐿 ≤ 𝐶  ∀ 𝑤𝑠 ∈ 𝑊𝑆 (9)  

with:   

𝐿 =  𝑥 , ∙ 𝑐𝑡 , ∙ 𝑑

 ∈ 

 ∀ 𝑤𝑠 ∈ 𝑊𝑆 (10)  

𝐶 =  𝑠 ∙ 𝑜𝑡 ∙  𝑂𝐸𝐸  ∀ 𝑤𝑠 ∈ 𝑊𝑆 (11)  

Equations 5, 7, and 8 define 𝑧 , , 𝑥 ,  and 𝑦  to be binary. Since one product can only belong to one product 

family, the sum of 𝑧 ,  over the set of all families 𝐹 must be 1 for each product 𝑝, which is expressed by 

equation 4. If a product 𝑝 passes the considered process during its production, the parameter 𝑦  is 1. 
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Therefore, the sum of product-workstation assignments 𝑥 ,  over all workstations 𝑊𝑆 of this process must 

be equal to 𝑦  (equation 6). This ensures that one workstation is assigned for each required process. Equation 

9 is the capacity restriction. The total load of a workstation 𝐿  must always be less than or equal to its 
available capacity 𝐶 . The workload of each product is calculated as its demand at the considered process 
𝑑  multiplied with its cycle time at the considered workstation 𝑐𝑡 , . Equation 10 constructs the total load 

as the sum of all product assignments 𝑥 ,  multiplied with their cycle times and demands. Eventually, 

equation 11 gives the total capacity of a workstation as the product of its number of shifts 𝑠 ,  its available 
operating time 𝑜𝑡 , and its overall equipment effectiveness 𝑂𝐸𝐸 . Since these are all external parameters, 
the capacity can be pre-calculated. However, since they are key levers for adjustments in the resulting 
segmentation, it makes sense to model them explicitly.  

3. Heuristic For Product Family-Oriented Product-Workstation Allocation Planning 

Since heuristics are typically more applicable to complicated conditions than exact methods, it is often useful 
to create an accurate representation of the real problem and solve it heuristically, rather than looking for an 
exact solution to a more abstracted model [11]. Since integer programming problems are known to be hard 
to solve within reasonable time, the use of a heuristic also makes sense regarding the computing time for 
large real-world instances. Furthermore, heuristics with good comprehensibility increase the acceptance for 
their solution especially for practical problems like the one introduced in this paper. In the following, a 
greedy pareto heuristic procedure for the product family-oriented product-workstation allocation planning 
problem with restricted capacities is introduced as well as an outline of the required input data. 

3.1 Procedure 

The procedure for the proposed greedy heuristic is described by the following pseudo-code: 

1 DO UNTIL all products are assigned: 
2  CALCULATE ∅ 𝑃𝑟𝑖𝑜 ,  per unassigned product family and available workstation 

3  SELECT product family-workstation combination with highest ∅ 𝑃𝑟𝑖𝑜 ,  

4  FOR each prioritization level within selected combination in descending order: 
5   FOR each product in descending order of required load 𝑐𝑡 , ∙ 𝑑 : 

6    IF available capacity ≥ required load of product 𝑝: 
7     Assign product to workstation: 𝑥 , = 1 

8     Reduce available capacity by allocated workload 
9  Block product family-workstation combination for further iterations 
10  IF workstation has not enough available capacity: 
11   Remove 𝑤𝑠 from available workstations  
12 END 

The outlined procedure is iterated until all products are assigned to a workstation (line 1). First, the mean 
prioritization values ∅ 𝑃𝑟𝑖𝑜 ,  are calculated for each product family-workstation combination with 

remaining unassigned products and available capacity (line 2). In line 3, the combination with the highest 
mean value is selected since it promises to involve many products with high prioritization values for the 
considered workstation. In the next step, the products of the selected product family are iteratively assigned 
to the selected workstation. Therefore, they are sorted in descending order of their prioritization value (line 
4) and within each prioritization level, they are sorted in descending order of their required workload (line 
5). Starting with the highest prioritization level, it is ensured that as many highly prioritized products as 
possible can be allocated to the selected workstation before its capacity may be exhausted. For each product 
it is checked if the available capacity of the considered workstation is still higher than its required load (line 
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6). If this is the case, the product is assigned to the workstation (line 7) and the remaining available capacity 
is reduced (line 8). If, on the other hand, the available capacity is not sufficient, the product remains 
unassigned and will be considered in further iterations. As soon as all products of the selected product family 
have been considered for the workstation assignment, the respective product family-workstation 
combination is blocked for all further iterations (line 9), since the workstation does not provide sufficient 
capacity for the remaining products of that family which are still to be assigned. Eventually, it is checked 
whether the selected workstation still has sufficient available capacity for further assignments in general 
(line 10). If this is not the case, it is removed from the list of available workstations. This procedure is 
repeated until all products have been assigned to a workstation.  

Although the solution space may become very large for bigger problems, this heuristic is a simple and 
intuitive procedure to reach a good segmentation under consideration of allocation preferences and capacity 
restrictions. Its application is subject to some limitations regarding the capacity utilization. Firstly, it assumes 
a situation of scarce capacity so that in a case with large overcapacity it can result in a solution, where one 
workstation is assigned with two product families while another workstation is empty. In this case, the 
heuristic should be rerun with adjusted capacities. In the case of insufficient capacity, no feasible result is 
achieved since some products would remain unassigned. A splitting of the workload of one product does not 
take place. However, if splitting is necessary, it can be modelled by duplicating the corresponding product. 

3.2 Required Input Data 

For the application of the proposed heuristic, the following input data is required: 

 Secondary demand for each product at each process 𝑑  

 Cycle times per product and workstation 𝑐𝑡 ,  

 Product-process matrix with 𝑦  

 Product-workstation-prioritization matrix with 𝑃𝑟𝑖𝑜 ,  

 Product family assignment for each product 𝑧 ,  

 Workstation master data to calculate 𝐶  

The table with secondary demand 𝑑  can be derived via the bill of material from the forecasted or historic 

overall demand of the finished products. Cycle times 𝑐𝑡 ,  originate at best from time recordings or 

feedback data. However, planned times from the enterprise resource planning systems (ERP) can also be 
used with the knowledge in mind that they might be subject to inaccuracy. Multiplying 𝑑  and 𝑐𝑡 ,  gives 

the expected workload for each product at each workstation. A product-process matrix indicates which 
processes need to be passed by which product in the form of a binary matrix that holds the values for 𝑦 . It 

is a standard tool for product family identification within the value stream method and if the information is 
not already available from the ERP, the matrix is either manually created or derived from transaction data 
[7]. The allocation preferences 𝑃𝑟𝑖𝑜 ,  are collected in the form of a product-workstation prioritization 

matrix. These are either assessed manually by experts or they can also be derived from historic production 
quantities mined from transaction data [7]. All products must be assigned to a product family which 
corresponds to the binary assignment parameter 𝑧 , . Eventually, the workstation master data must be given, 

including all information to calculate the available capacity 𝐶  of each considered workstation. These are 
the number of shifts 𝑠 , the operating time 𝑜𝑡 , and the overall equipment effectiveness 𝑂𝐸𝐸 .  

4. Evaluation 

The proposed heuristic explores a new field in allocation planning. Thus, test data and assessment measures 
have not yet been established for a sound evaluation of the heuristic. Therefore, an extensive test set is 
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generated, assessment measures are introduced, and comparison heuristics are used to rank the solution 
quality regarding the underlying solution space. All evaluation calculations are implemented in Python 3.7.6 
in Visual Studio Code and run on a MacBook Pro with 1.4 GHz Quad-Core Intel Core i5 and 8 GB RAM.  

4.1 Generation of test set 

The test set is inspired by a dataset from an industry project concerning the value stream design for a battery 
cell production, on which the heuristic has also been applied. The test set includes 7776 problem instances 
that are generated with the use of random numbers and a full-factorial design combining the parameters 
listed in Table 2. Since the workstation allocation problem for one process is independent from every other 
process in a value stream, each test instance only consists of one process. The number of workstations is 
varied within 3, 6, 9, and 12, and for each workstation in the test instance, 10, 25, or 50 times as many 
products are generated. Assignment prioritizations are allocated randomly, such that each product has a first 
choice with a high prioritization value (𝑃𝑟𝑖𝑜 , = 10) and a second choice with a lower prioritization value 

(𝑃𝑟𝑖𝑜 , = 2). For all other workstations the prioritization is 0. The demand for each product is either 

constant 1000 pieces for each product or uniformly distributed between 800 and 1200 pieces. Cycle times 
are randomly determined within the intervals [10, 190], [50, 150], [90, 110]. The cycle times are distributed 
in three different ways. They can be equal for one product on every workstation, which represents the easiest 
case for the product-workstation allocation with respect to the capacity alignment. They can also be equal 
for one workstation with every product, which represents an environment of very different technology levels 
on parallel resources, such as an automated assembly station next to a manual one. In the third case, all cycle 
times are set independently. Based on the demand and the average cycle times of each product, an expected 
total load can be calculated. The capacity level of the workstations in the test instances is determined as the 
total load divided by an average utilization factor. This way, the available workstation capacity ∅𝐶 is set to 
a value which allows to expect an average utilization of 80%, 90%, 95%, or 98% through the allocated 
products. The actual utilization in the eventual solution can, however, differ due to the varying cycle times. 
Products are grouped into product families either randomly or with the use of cluster algorithms based on 
their workstation prioritizations, which imitates the process similarity that products within a family typically 
have. For this purpose, the ward algorithm with Euclidean distances and the average-linkage approach with 
cosine distances is used. The number of generated product families is set to 2, 4, or 6. 

Table 2: Parameters for test instance generation 

Symbol Description Values 

|𝑊𝑆| Number of workstations 3 6 9 12 

|𝑃| Number of products per workstation 10 25 50 

- Demand distribution uniform constant 

- Cycle times distribution by product by workstation independent 

𝛿  Spread of cycle times [time units] [10, 190] [50, 150] [90, 110] 

𝜂 Average utilization of total capacity 80% 90% 95% 98% 

|𝐹| Number of product families 2 4 6 

- Cluster method for product family formation ward average-linkage random 

4.2 Assessment of solution quality 

The solution quality of the proposed pareto heuristic is assessed for the two objectives total number of family-
workstation assignments 𝐹𝑊𝐴  and total prioritization 𝑃𝑟𝑖𝑜  reached by the product-workstation 
assignments. To make the solutions of each problem instance comparable, 𝐹𝑊𝐴  is set in relation with 
a lower bound 𝐿𝐵 and 𝑃𝑟𝑖𝑜  is set in relation with an upper bound 𝑈𝐵. These bounds estimate the 
theoretically best possible values for the considered objective. As expressed in equation 12, the lower bound 
for 𝐹𝑊𝐴  is either the number of product families or the number of workstations needed to cover the 
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entire workload. For the workload estimation, the average cycle time of each product ∅𝑐𝑡  is multiplied with 

its demand 𝑑  and summed up for all products. The division of this workload by the specified workstation 

capacity ∅𝐶 of the test instance results in the minimum number of required workstations. The upper bound 
for 𝑃𝑟𝑖𝑜  is the sum of the highest prioritization value of each product as described by equation 13. 

𝐿𝐵 = max{ |𝐹|,
∑ ∅𝑐𝑡 ∙  𝑑 ∈ 

∅𝐶
} (12)  

𝑈𝐵 = 𝑃𝑟𝑖𝑜 ,

 ∈ 

 
(13)  

Based on these bounds, the evaluation results are given as ratios: 

𝐹𝑊𝐴 [%] =
𝐹𝑊𝐴

𝐿𝐵
∙ 100% (14)  

𝑃𝑟𝑖𝑜 [%] =  
𝑃𝑟𝑖𝑜

𝑈𝐵
 ∙ 100% (15)  

Therefore, values > 100% result for 𝐹𝑊𝐴 [%] and values between 0% and 100% for 𝑃𝑟𝑖𝑜 [%]. The bound 
based ratios make different problem instances comparable and give an estimation on the quality of a solution. 
However, it is depending on the problem’s structure how close to 100% a feasible solution can get for the 
two objectives. To get a better idea about this, three greedy comparison heuristics are implemented: 

 Random: All products are sorted in descending order by average load and randomly assigned to a 
workstation with free capacity. 

 Max Prioritization heuristic: All products are sorted in descending order by average load and 
iteratively assigned to the workstation with the highest prioritization, provided its capacity still 
allows it. 

 Min FWA heuristic: All products are separated by product family and sorted in descending order by 
average load; starting with the family that has the highest total load, products are assigned block 
wise to the next free workstation. 

With these simple heuristics, feasible solutions can be created for each instance, indicating how good one 
objective value can get when ignoring the second objective. Furthermore, the randomly created solution 
indicates how far the product-workstation allocation of the pareto heuristic is from a bad solution. With these 
comparative values, a classification in the solution space can take place, enabling a well-founded evaluation 
of the results. 

4.3 Results 

All solutions were calculated by the pareto heuristic within less than 10 seconds. On average, its runtime 
was 2.3 seconds. 6847 instances can be assessed, 929 instances lead to an infeasible solution in at least one 
of the applied approaches, which is due to problem instances that are too restrictive in terms of capacity. 695 
of these unsolved instances are generated with the highest utilization expectation of 𝜂 = 0.98. 

The total results for the tested heuristics on all evaluable instances are illustrated in Figure 2. Averaged over 
all instances, the pareto heuristic reaches a prioritization ratio of 𝑃𝑟𝑖𝑜 [%] = 62, which is 13 percentage 
points behind the result of the max prioritization heuristic. A “natural low end” seems to be 44 percentage 
points lower at a prioritization ratio of 𝑃𝑟𝑖𝑜 [%] = 17. An even smaller gap can be observed for the FWA 
ratio. Here, the pareto heuristic reaches 𝐹𝑊𝐴 [%] = 119 on average, while the min FWA heuristic reaches 
𝐹𝑊𝐴 [%] = 114. Compared to the average objective value of 𝐹𝑊𝐴 [%] = 348 of the randomly generated 
solutions, the pareto heuristic is particularly strong in the target of reducing shared resources for clearly 
separatable value stream segments.  
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The achievable 𝐹𝑊𝐴 [%] and thus the achievable number of shared resources depends above all on the 
scarcity of capacity (see Table 3), since this makes the problem more restrictive. 

 

Figure 2: Average results for all heuristics in both objectives 

If only those 4603 feasibly solved instances are considered for which the product families are formed using 
a clustering approach, the heuristic performs even better. In this case, the resulting values of the pareto 
heuristic are for both objectives almost as good as the comparison heuristic that ignores the other objective. 
The average 𝐹𝑊𝐴 [%] is 117 compared to 113 of the min FWA heuristic and the average 𝑃𝑟𝑖𝑜 [%] is 73 
compared to 75 of the max prioritization heuristic. Figure 3 illustrates the objective value pairs for these 
instances as well as their averages. 

  

5. Conclusion 

This paper has introduced a pareto heuristic to support a product family-oriented segmentation under 
consideration of the available capacities as well as workstation preferences. The mathematical formulation 
of the multi-objective optimization problem with its restrictions is outlined, the heuristic procedure is 
presented, and the required business data is described. For the evaluation, an extensive test set is generated, 
assessment measures are introduced, and comparison heuristics are implemented. The evaluation shows, that 
the pareto heuristic performs strong for both objectives, especially for the target of reducing shared resources 
in a value stream design. As expected, even better results are achieved, if the product family affiliation 
correlates with the workstation preferences of the products. The value stream method provides to identify 
product families based on similarity in their required process steps and equipment. Therefore, high 
correlations between product family affiliation and workstation preferences should be observable in a well-

Table 3: Average 
𝐹𝑊𝐴 [%] for the pareto 
heuristic on all instances 

depending on the 
utilization factor 𝜂 

𝜂 FWA [%] 

0.8 107.4 

0.9 119.9 

0.95 125.9 

0.98 128.2 

  

Figure 3: Results for all instances with clustering-based product families 
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executed value stream design. The limitations of the heuristic are in its applicability for scenarios of 
insufficient capacity, large overcapacity, or if the high workload of one product would be required to be 
split. However, project-specific conditions can easily be modelled either via an adaption of the heuristic or 
via the given input data. The resulting product-workstation assignments of the pareto heuristic provides 
practitioners with a good and well-founded segmentation as a basis for the next steps in the value stream 
design that builds on it. 
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Abstract 

Demand-based, local production will gain relevance in the context of sustainability and circular economy. 
One way to implement local value creation is through establishing highly dynamic networks that consolidate 
the competencies of regional manufacturers. Consequently, the structure of the value chains needs to be 
determined ad hoc dependent on demand. This is a rather challenging task due to the dynamics within such 
networks and the flat hierarchies. Traditionally, value chains are defined and controlled in a centralized form 
by a lead firm or a separate stakeholder (e.g. Intermediary, Broker). However, to accommodate the dynamics 
of demand and the increasing complexity of products, we propose a decentralized form of coordination. The 
basic idea is to upscale Routing Planning, used in Process Planning, to a network level. Meaning instead of 
a centralized instance within a company defining the production steps, the stakeholders will collaboratively 
determine the cross-company Routing Plan, effectively building the value chain. Thus, the accumulated 
experience and knowledge of all stakeholders can be utilized to efficiently fulfil current customer demand, 
since the value chain will be executed by the same stakeholders that created it. But in order to coordinate the 
sequencing of operations by multiple stakeholders, suitable methods need to be implemented. We look at a 
strategy to facilitate such a collaboration between companies and demonstrate one possible technical 
implementation based on AI planning using Planning Domain Definition Language (PDDL).  

Keywords 

Production network; Process Planning; Collaborative planning; Value chain; AI planning 

1. Introduction and Motivation

While global value creation with division of labour is prevalent nowadays, in recent years the concept of 
producing locally in small networked sites has gained an increasing amount of attention [1–3]. There is more 
and more research dealing with new, demand-based local production principles, such as Urban and (Re-) 
Distributed Manufacturing. These concepts aim to reach the goals of a sustainable production and fulfil 
customers’ growing desire for increasingly individualized products [4,5,1]. Larsson even went so far as to 
state that “there will be a need to re-shape entire value chains and a large share of the corporate landscape” 
[1]. Additionally, the Covid-19 pandemic has accelerated research interest in local production as an 
exploding need for medical equipment has shown the risky dependence on global value chains [6,2]. The 
local production of masks was able to alleviate the shortage, effectively demonstrating an important 
advantage of local production - resilience [2].  
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One challenge of local production is being able to adapt to demands changing fast due to increasing product 
complexity and individualization. To achieve a high product variety and small batch sizes, a multitude of 
production processes has to be covered by local stakeholders. Multiple companies have to collaborate in 
networks in order to combine their competences and to fulfil these requirements [7]. However, constructing 
highly flexible, adaptable value chains in local networks calls for appropriate strategies, because unlike in 
mass production, long-term collaborations with carefully selected partners and high degrees of insight into 
suppliers’ production are not feasible. Instead a high level of dynamics develops within the structures of 
local value creation, which in turn reduces transparency. For that reason, we will discuss a decentralized 
strategy for creating value chains in the described environment and one possible technical solution based on 
AI planning (Artificial Intelligence) as it “has been successfully applied for decades in several areas” [8]. 

2. Theoretical Background 

This paper will talk about the idea to use principles from Operations Planning and Scheduling (OPS), more 
specifically Process Planning (PP), in order to create value chains in a decentralized network of local small 
and medium-sized enterprises (SME). Therefore, Chapter 2.1 will discuss existing concepts for the planning 
of value chains in networks while Chapter 2.2 will give some fundamentals regarding Process Planning. 

2.1 Network Planning 

The network’s status as a very important and most modern organisation form of producing companies [9] is 
in line with the increasing trend of outsourcing, which basically means transferring tasks and processes to 
an outside party [10]. Over the last decades, outsourcing has become a standard practice in many companies 
for various reasons, such as decreasing costs and lowering the vertical range of manufacture [9,10]. Industrial 
production today is shaped by a high degree of often international division of labour. That means, companies 
producing physical goods build a network of specialized suppliers and other firms to reach their production 
goals. The interaction and communication along the value chain is facilitated by, e.g., product or industry 
standards, modularization and platform technologies. However, when parts or even just production steps are 
outsourced, costs and effort for coordinating production will increase [9]. Usually the focal company selling 
the end product will procure the needed parts itself by distributing the necessary orders to suppliers. Having 
a network of suppliers, with whom a company works regularly, as well as the mentioned interaction 
mechanisms can therefore make this process more efficient. This hierarchical concept works well when the 
production program is planned months or years ahead, but comes to its limits when the production needs to 
be dynamic with individualized, everchanging products in small batch sizes or single product orders [11,12]. 

This paper targets a decentralized, local production as another form of value creation next to global 
production with division of labour. In such a production aiming to serve local demands ad hoc, a new 
dynamic develops. Because the sales market in a local production is small, the batch sizes are as well, but 
the product variety is very high. This leads to fluctuating demands in a short time while production has to be 
handled by comparatively few manufacturers, since resources are limited by the regionality of local 
production. In order to adequately handle this dynamic in combination with the mentioned parameters (local, 
on demand, high product variety, fewer producers) new solutions are needed.  

One of these is a concept introduced in the late 90s by Schuh et al. [7] - the Virtual Factory1. Several 
companies come together to form a larger, Virtual Factory to easier handle short term production in small 
batches. There is a stable and a dynamic component involved in such a Virtual Factory [7]. The relationships 

                                                      
1 This is not to be confused with the virtual factory concept as introduced in 1993 by Onosato and Iwata [13] that focuses on modelling manufacturing. 
More recent information on this strain of virtual factory research can be found, e.g., by Debevec et al., who dealt with simulating production processes 
in SMEs [14], or Yildiz et al., who wrote about a digital twin-based virtual factory [15]. 
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within the network should be stable, as they are in a typical production network as well, while the processing 
of orders is done dynamically through “activating” networks for each order [7]. Schuh et al.  [7] defined six 
intercorporate services to manage the Virtual Factory network, one of them being the “broker”. The “broker” 
is usually an independent party responsible for – among other tasks such as acquiring customers – 
distributing the competences of the companies to where they are needed while roughly defining prices [7]. 
The broker may also initiate the so called “active networks”, meaning essentially the value chains that will 
go into action for a specific order or project [7]. 

2.2 Operations Planning and Scheduling and Process Planning 

Operations Planning and Scheduling (OPS) essentially describes all the organisational functions that need 
to be fulfilled to bring a product design into production and to the customer [16,17]. Process Planning (PP) 
is one part of OPS, the other part is Production Control (also referred to as Production Planning and Control 
or PPC). PP encompasses the planning necessary to ensure the economically sound manufacturing in line 
with production requirements and it is typically done once without reference to a specific order [18,19]. As 
shown in Figure 1, the tasks of PP can be divided into three categories, short-, medium- and long-term as 
introduced by Eversheim [19] and referenced by, e.g., Bauernhansl and Spur [18,20]. PPC on the other hand 
includes the measures needed to fulfil actual orders based on the results of PP [17].  

 

Figure 1: The structure of Process Planning (with selected details) [18,19] 

One result of PP is the Routing Plan (RP), which is described as “a plan defining the sequence of operations 
to be performed in order to produce a part or an assembly, i.e. the product’s path through the production 
process” [16]. Besides the production steps in the right order, a RP will include information regarding the 
type of raw part to start with, production resources and tools as well as the target time for each step [19]. For 
this paper, the focus will be RP, especially the sequence of operations, marked by red borders in Figure 1. 

3. Concept: Implementing Operations Planning and Scheduling on a Network Level  

Modern local production leads to a necessity to manufacture dynamically and on-demand to be able to fulfil 
customer needs in times of individualization without having large amounts of products in warehouses 
available to do so. The dynamic nature of networked production also requires a cross-company organisation 
that will be able to keep up the fast pace of small-batch and single product orders. Since building value 
chains spanning multiple companies bears many similarities to building an in-house RP (refer to Chapter 
2.2), it can be useful to apply the methods and tasks of RP to a network/cross-company level. The extensive 
knowledge and research on OPS and specifically RP already available can then be used as a baseline for 
adapting existing concepts and deriving new ones for the given context.  

3.1 Approach for the decentralized determination of value chains 

In a hierarchical network (as introduced in Chapter 2.1) the lead firm typically uses its network of suppliers 
to coordinate value creation by acquiring materials and parts as well as outsourcing production. Two 
examples for this kind of centralized approach are Wintelism, which is described as the “extensive 
outsourcing of component production to enable industrial structures to become less vertically and more 
horizontally integrated” [21], and Sturgeon’s modular production networks [22]. In addition, the planning 
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departments of each company involved in the network generate in-house RPs, meaning they determine the 
sequence of operations within their own company and allocate the production resources (Figure 1) [19].  

In centralized networks it is the lead firm’s task to configurate the cross-company value chains. There are 
usually relatively stable planning horizons that facilitate mid- to long-term planning. However, when dealing 
with dynamic, heterarchical and decentralized networks there are no steady planning periods. As a result, 
the generation of value chains needs to happen faster and adapt dynamically, so that even single product 
orders can lead to entirely new value chains. In order to move away from the more permanent structures of 
value chains, the network can be viewed as one virtual company, similar to Schuh’s Virtual Factory [7] (refer 
to Chapter 2.1), with the SMEs representing production resources. This also serves the depiction of the 
heterarchical structure of a decentralized network. Using this analogy, value chains correspond to the RPs 
introduced in Chapter 2.2 with the difference that they now function as cross-company RPs (ccRP). This 
view and the introduction of ccRPs should allow for better reactivity in local, decentralized networks. 

However, other than in the creation of traditional RPs, there is no superior central entity that knows all the 
details of the production of all the companies involved in the network. That is because there is often a lot of 
experience involved in writing RPs. This is categorized as tacit knowledge, i.e., it is not formalized and thus 
difficult to share [23]. Nonaka calls the process of making tacit knowledge sharable by turning it into explicit 
knowledge “externalization” [23]. Externalizing the knowledge needed for common routing planning from 
individuals of the companies in order to create such a central entity would be time-consuming and expensive, 
given that the involved companies would even agree to share their knowledge to the required extent. The 
aforementioned dynamics of processes and structures further add to the difficulties of externalization. As a 
result, when working with a heterarchical, dynamic network, it is highly unlikely that a central entity has the 
knowledge needed to determine the best possible ccRPs for all involved companies or even any at all.  

We therefore suggest to avoid the externalization process altogether by taking a decentralized approach 

to ccRP. That means instead of gathering knowledge from the companies, that knowledge stays where it is, 
but is still used to create the ccRPs. According to Krenz, the complexity of the knowledge that is to be shared 
needs to be reduced, so that the stakeholders of the network are able to collaborate [12]. In summary, the 
concept idea we propose in this paper seeks to create value chains in a decentralized way through leaning on 
the principles of OPS and PP and upscaling them to a network or cross-company level.  

This is also an important point of differentiation from Schuh et al.’s concept of a Virtual Factory, as described 
in Chapter 2.1. While it also involves a decentralized, local network, Schuh et al. still assign various 
functions or centralized roles to distinct stakeholders of the network such as the “broker”, while the ccRP 
concept relies on decentralized collaboration of the companies within the network instead. 

3.2 Introduction of a possible strategy 

In order to implement decentralized ccRP in dynamic networks, it is necessary to find a way for process 
planners from all the network companies to contribute to a cumulative plan in a simple and fast manner. The 
simplest form of collaboration would be experts discussing and developing a plan together. This however 
bears several issues such as the group size getting too large for useful discussions, experts being invited 
unnecessarily and the need for a skilled and neutral facilitator. Overall this approach would incur 
unreasonably high costs and consume a lot of time compared to the central approach while having 
presumably little advantages. In conclusion, the decentralized approach needs to allow planners to be able 
to work independently from one another, ideally in regards to time and location, also called asynchronous 

communication [24], and it needs to be well structured and efficient. This is typically prevalent in cross-
company collaborations [25]. 

For ccRP the goal is to sequence the economically best value chains while using the planners’ expertise 
without the need for direct communication between companies. For this strategy proposal we, on the one 
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hand, drew inspiration from collaboration in communities, where everyone may contribute their expertise. 
But on the other hand, since ccRPs are a planning problem, we also relied on research on automated planning 
and scheduling (AI planning), namely using world states for computing plans instead of defining 

processes [26]. The focus is to develop an approach in which process planners can work together without 

directly communicating. Instead they contribute their knowledge and competence in such a form, that an 
intelligent and autonomous planning system (example in Chapter 3.3) can generate an optimized ccRP and 
thus create a cohesive value chain. That strategy is visualized in Figure 2. The premise is a dynamic, 
heterarchical network, where product development can be done by a company, an engineer without own 
production capacities or a community of designers, etc. There is no central entity distributing/outsourcing 
production steps. Instead, the Product Data is provided to a network of process planners that will then derive 
the production steps their own company can do and enter them into a network system. However, they do not 
actually describe what they are doing in production or how they are doing it.  Instead the only thing entered 
into the system is how the product changes, i.e., the planners describe the product state they can start 
production with and the product state at the end of their company’s part in the production process, e.g. bar 
stock - gear shaft (unhardened). They therefore contribute a Sequence of Product States (SoPS).  

 

Figure 2: Decentralized, cross-company Routing Planning and value chain creation 

In Figure 2 those product state descriptions are represented by letters, i.e., the starting state of SoPS 1 is “J” 
and the finishing state is “O”. These descriptions are used to find interfaces between the companies, e.g., 
between SoPS 1 (“O” as the finishing state) and SoPS 2 (“O” as the starting state). The possibility of 
branching production sequences, i.e., sequences that can be processed in parallel until the parts are joined 
together, e.g., in assembly, is not visualized in Figure 2 for reasons of clarity and comprehensibility. In such 
a case, the start or end state would be the combination of two states, e.g., “C and D”. The necessary 
formalization of the state descriptions is discussed in Chapter 4. According to Dietl, companies will delimit 
their value creation activities in such a way that as little implicit knowledge as possible needs to be 
transferred in between steps [27]. In other words, the steps of value creation are separated in a way that the 
knowledge exchange at the interfaces is reduced to a minimum transfer of external knowledge [27]. The 
stakeholders integrate their implicit knowledge into the product and thus transfer it by changing the product 
state [27,12]. When all steps are entered, several viable paths are calculated (for reasons of clarity and 
comprehensibility only two are shown here) and one or more optimized paths (depending on the system) are 
determined. Those are the ccRPs available for PPS (refer to Chapter 2.2), i.e., the implementation of the 
value chains. When feeding the system with further information such as capacity, price, transport distances 
and number of involved companies, the most fitting ccRP at a given time can be chosen according to selected 
criteria. This is however a separate topic and not further discussed in this paper. Overall, the presented 

SoPS 6

Start:   B
Finish: E

SoPS 4

Start:   Q
Finish: V

SoPS 8

Start:   A

Finish: B

SoPS 9

Start:   F
Finish: J

SoPS 7

Start:   B
Finish: F

SoPS 3

Start:   V
Finish: W

SoPS 1

Start:   J
Finish: O

SoPS 2

Start:   O
Finish: Q

SoPS 10

Start:   W
Finish: Z

6

SoPS 5

Start:   E
Finish: F

Product Data

SoPS = Sequence of Product States

5

4

2

1

3

281



 

 

strategy would allow the ccRPs to develop in a self-organizing process in which the network companies 
choose the interfaces. Therefore, this strategy for configurating value chains can be considered heterarchical.  

This may lead to considerable benefits in terms of network dynamics and reactivity. There are several viable 
options for a value chain available, so one alternative can be chosen to be used for actual production. 
Additionally, the chosen path can easily be changed mid-production in case of unforeseen events since 
alternatives have already been determined beforehand. When several companies are capable of performing 
the same steps, it creates redundancy and therefore resilience. This enables the network to adapt in case, e.g., 
capacity issues occur and one company is not able to deliver. The strategy also has the advantage that the 
process planners can work entirely independent of one another, they do not have to spend time to understand 
each other’s work or to standardize plans cross-company. They can use their expertise without sharing it, 
which is especially important when sensitive, inside knowledge of companies is involved. Information 
necessary for planning is fed to the system to be processed instead of being shared in the network community. 

3.3 Technological approach for the implementation of decentralized ccRP 

3.3.1 AI Planning using the Planning Domain Definition Language (PDDL) 

The presented strategy for decentralized planning illustrates that this problem can be solved with the methods 
and systematics of general decentralized planning principles. Decentralized networks of production units 
already require a high planning effort with a small number of stakeholders and less complex products, such 
systems exhibit multitude branching, which can only be evaluated with computer support [28].  

The so-called research area of AI Planning within the technology field of AI deals with the solving of 
complex planning tasks with high numbers of possible solutions. Solving these problems involves the change 
of states through sets of actions. The initial situation is a problem with an initial state and a final state, the 
goal. Hereby details of the change or effect are not considered, i.e., actions are only described through input 
(a precondition) and output (an effect) states. In our use case, this leads to a special advantage, since 
company-internal knowledge of concrete production steps is not revealed in detail. [26,29] 

The implementation technology pursued here is PDDL. With the introduction of PDDL in 1998, inspired by 
the STRIPS (Stanford Research Institute Problem Solver) formalism, a standardization of AI planning 
languages was developed [30,31]. PDDL is considered to currently be one of the most common solutions  to 
implement AI planning [30] and thus suitable to address the underlying planning problem of ccRP. The 
solution to a planning problem, the fulfilment of target conditions, is considered to be a concatenation of 
actions, i.e., a concatenation of Sequences of Product States (SoPS) as shown in Figure 2 (Chapter 3.2). 
Those SoPS are entered into the system by the individual stakeholders in the production network. As already 
described, they can contain different numbers of production and process steps. Each SoPS contains a change 
of the state. Furthermore, following the principle of PDDL, each SoPS will be modelled as an action and 
will be assigned a precondition and an effect. By matching this information, the SoPS are aligned to find a 
path to the end-state (goal). In the next section a PDDL implementation approach is presented. [26,28,32] 

3.3.2 Approach for the implementation of PDDL in the given context 

As an example, in Figure 3, we provide a PDDL model for the SoPSs depicted in Figure 2 as a domain model 
and a problem model, respectively. The domain model describes the rules of RP as predicates and actions, 
while the problem model describes the actual task at hand, e.g., to compute the plan from subproduct “A” to 
subproduct “Z”. Another task would be to compute the plan from subproduct “B” to subproduct “F”. The 
intermediate production results of each SoPS are named SUBPRODUCTS and modelled as objects. One 
action (named SoPSx, where x is the numbering of the SoPS in Figure 2) models one SoPS with a certain 
SUBPRODUCT as precondition (“Start”) or effect (“Finish”). Furthermore, a specific SUBPRODUCT is 
marked as initial state (i.e., “A”) and another as goal (i.e., “Z”).  
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Figure 3: (1) Problem description that has a specific start and goal; (2) Domain model describing the SoPS as actions 

Given this domain and problem model to PDDL, it will compute a plan (or multiple plans) that takes the 
action definition into account, i.e., it would compute a value chain. According to the dependencies, two paths 
are possible in our example, one from SoPS8 via SoPS7 to SoPS9 and one via SoPS6 and SoPS5 (Figure 4). 
In case of branching production sequences (as mentioned in Chapter 3.2) the precondition of an action would 
consist of two or more subproducts, e.g., (:action SoPSWithAssembly :precondition (and 

(SUBPRODUCT W1) (SUBPRODUCT W2)) :effect (SUBPRODUCT AssembledZ)). 

 

Figure 4: Possible paths in the given example according to their dependencies 

3.3.3 Assembling ccRPs using Heuristic Methods 

The core of PDDL is to use a heuristic search algorithm [33] for computing appropriate plans as described, 
i.e., PDDL implements such an algorithm, e.g., A*. Alternatives to PDDL, which use heuristic search, are 
distributed AI algorithms based on agents (agent-based algorithms), where each SoPS would be considered 
as one agent and by following a negotiation process the agents would compute a plan. Other alternatives 
would be evolutionary algorithms (EA) which would compute plans through creating plans by mutating them 
randomly and evaluating those through domain related criteria such as order of SoPS (selection).   

4. Critical Analysis of the Proposed Concept  

When analysing the presented concept concerning its feasibility in a real application, the criteria must be of 
strategic, operational or technical nature. In terms of strategic application, the concept of a decentralized 
collaborative OPS seems particularly suited to the requirements of new production structures, with 
increasingly blurred physical boundaries between companies.  
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SoPS 4
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SoPS 8

Start:   A
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SoPS 9

Start:   F
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SoPS 7

Start:   B
Finish: F

SoPS 3

Start:   V
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SoPS 1

Start:   J
Finish: O

SoPS 2

Start:   O
Finish: Q

SoPS 10

Start:   W
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SoPS 5

Start:   E
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In operational terms, it is to be mentioned that the strategy presented in Chapter 3.2 is still in the early stages 
and only an outline. There are several issues to be detailed and addressed in future research to develop the 
strategy into an implementable concept, since at this point it only describes a way to get to the description 
of technically feasible value chains. Before one of those can be chosen for implementation, they need to be 
evaluated using criteria like timing and cost. It is also thinkable to include other variables for choosing one 
of the plans, such as energy efficiency of production, transport distances, etc. Additionally, the “perfect” 
value chain may still not be implementable at any given time due to capacity and scheduling issues. RP is 
only one step in the interface between design and production, our strategy needs to be embedded in a holistic 
concept covering all of OPS in order to work. Other issues to be considered in future research are, e.g., data 
storage and security, but also issues of motivation, incentives to participate, building trust in a network, etc. 

When critically examining the technical implementation, the main focus is on the description and 
formalization of the SoPS, especially since the system needs to recognize when two planners are describing 
the same state in different words. Precondition, parameter and effect must use a uniform language in order 
to be linked with each other. An approach to formalization could be the use of Natural Language Processing 
(NLP). This is a solution for a further improved human-computer interaction and a common tool in the field 
of AI. In addition, an investigation and more exact statement in regards to the critical size of the network 
seems meaningful, especially for concrete decisions in technology selection (PDDL Toolboxes, Heuristic 
Search Algorithm, etc.). In general, the topic of quality management in such a system is likely to face new 
challenges, which are already evident here at the beginning when evaluating planning solutions. Also, when 
selecting and applying different methods from the field of heuristic search, attention must be paid to their 
result orientation. Depending on the modelled optimization criteria, the heuristic search will provide 
optimized solutions. In our example we focused on dependencies between the SoPS. Other criteria could 
include the ones mentioned above on the operational level. Thus, when considering value chains, the chosen 
termination criterion will have a direct impact on quality, cost, sustainability and customer satisfaction. 

5. Outlook 

In conclusion, using decentralized, cross-company Routing Planning in order to dynamically create value 
chains for local networks while relying on existing knowledge within the involved companies seems to be a 
promising approach. For one it draws on decades of research on Operations Planning and Scheduling as well 
as the often extensive expertise of experienced process planners, but it also combines these with state-of-
the-art information technologies from the fields of AI planning and Heuristics. In our approach the 
knowledge stays with the experts, but is still utilised and arranged by an intelligent system in order to 
generate flexible value chains in a decentralized way. 

This opens up several possibilities for future research. Firstly, on an operational level, as mentioned in the 
critical analysis, the strategy of using changes in the product state described by a network of process planners 
to find a Routing Plan should be developed further and with more detail. Following that, the second part of 
Operations Planning and Scheduling, Production Control (also known as Production Planning and Control), 
could be addressed. In this paper we looked at using Process Planning on a cross-company level and 
decentralizing it. The next logical step would be to explore whether or not Production Control principles are 
also applicable and beneficial to be used in networked production. 

Furthermore, the technological approach discussed in Chapter 3.3 will be optimized through an ongoing 
project to implement a decentralized, local production network in the Greater Hamburg area. Going into 
more detail and possibly simulating a test run will be a next step. It would also be expedient to address the 
issue of comparing and assessing the cross-company Routing Plans created by the heuristic based on selected 
criteria. Additionally, using PDDL and heuristic methods is just one possible way to go. It might be 
interesting to explore other technologies that could be suitable for the presented problem.  
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Abstract 

As companies continue to globalise, manufacturers face the challenge of strategically adjusting their vertical 

integration and restructuring production and supply chains. This leads manufacturers to increasingly pursue 

two strategies of restructuring. On the one hand, in the form of outsourcing value-adding activities, the focus 

is being placed on the core competencies of the company's own production. As a result, the vertical range of 

manufacture within the company is decreasing, while outsourcing is becoming more and more important. 

On the other hand, companies are also pursuing the strategy of least possible dependency to secure 

production through regional procurement of resources and expansion of the necessary competencies by 

means of increased vertical integration. In order to understand the consequences and effects of these changes 

at the level of production planning and control (PPC), a model-based view is necessary for an expanded 

understanding of the processual context of these changes. The PPC is the essential steering instance of 

production. It combines long-term tasks, e.g. Plan Sales or Roughly Plan Resources, with short-term tasks, 

e.g. Schedule Throughput or Plan Resources in detail. The main PPC task, Plan Sourcing, is an essential link

with its tasks and procedures between the core processes of procurement and production in the company's

internal supply chain.

In the context of this paper, the PPC main task Plan Sourcing is to be considered in a model-based manner, 

which focuses on the selection and connection of suppliers as well as the general view of the supplier 

management of manufacturers. For this purpose, the effect on the PPC and the production logistic objectives 

variables is presented by means of the consideration of the tasks and possible procedures for the fulfilment 

of these PPC tasks. Utilising collected findings, a process-related derivation for the synchronisation of the 

affected areas of procurement and production is presented. 

Keywords 

Procurement; Synchronization; Modelling; Production Planning and Control; PPC; Sourcing 

1. Introduction

Globalisation has strongly changed the competition for manufacturing companies. In addition to rising cost 

pressure, companies are confronted with increasing individualisation requirements and shorter product life 

cycles [1,2]. In order to compete in this environment, it was a global trend, especially before the pandemic, 

for companies to focus on their core competencies in their production and outsource large sections of the 

value chain. During the pandemic, this trend has changed from a strongly global perspective to a locally 

oriented procurement in the area of particularly vulnerable supply chains. This is why it is currently called 
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the "glocal / glocalisation" mega-trend, i.e. global and local procurement. [3,4] The reasons for outsourcing 

are that in many cases specialised suppliers can produce and deliver certain components much more cost-

effectively than manufacturing these specific products in-house [5]. In addition, the suppliers, for their part, 

can drive forward the technical development of certain components in a more targeted manner and thus 

increase the quality of the final product [6]. For this reason, besides optimising the own production, 

procurement is becoming increasingly important, especially in complex supply chains [7]. 

In general, the task of procurement is to cover the demand for raw materials, semi-finished products and 

primary products that cannot be produced economically by the company's own production or cannot be 

produced at all [8]. Therefore, externally sourced items must reach production at the right time, in the right 

quantity and quality, in order to fulfil internal processes and specifications and to ensure the logistical 

efficiency of production [9]. Procurement is particularly significant for companies with multi-variant product 

portfolios and strong individualisation by customers, as they often carry out order-specific procurement for 

little-used articles and thus do not have any safety stocks in the warehouse. This can be observed more 

frequently especially with contract manufacturers (engineer-to-order (ETO) and make-to-order (MTO) 

manufacturers). In such cases, procurement is on the lead-time-critical path, which is why procurement 

processes and production processes should be synchronised as much as possible in order to improve the lead 

time and thus the response time of the company. [8,10] This paper will therefore analyse the interface 

between procurement and production in more detail. For this purpose, the process crossovers will be 

identified and examined in the wider context in relation to PPC. 

2. Research Question and Research Methodology 

In today's business structures, different departments often have overlapping subtasks where different 

objectives are always in the focus, leading to difficulties in coordination. In addition, the optimisation of 

corporate coordination is necessary, as this improves not only vertical but also horizontal cooperation with 

the supplier network. [2] The focus of this paper is the analysis of the interface between procurement and 

production. The contribution follows the research question: "How can procurement be optimised and 

synchronised based on control via production logistics objectives?” 

In addition, the preconditions for this type of minimisation of interdepartmental conflicts are to be 

considered. Here, the focus is on procurement, since another interface exists here as a communication 

channel outside the company. Through a model-based approach, it is to be found out to what extent the 

production planning and control of the Hanoverian Supply Chain Model (HaSupMo) can make a target-

oriented contribution in order to control logistics performance and logistics costs individually and to adapt 

them to the company-specific needs. Therefore, the main PPC task of “Plan Sourcing” of the HaSupMo will 

be presented later in chapter 4.1 and its characteristics will be shown as well as the resulting logistical 

objectives will be dealt with. In terms of the research question, a possible answer will be given with a 

qualitative approach based on the Hanoverian Supply Chain Model. 

3. General Interface of Procurement and Production 

The operational design of a company's supply chain involves overlapping cross-sectional tasks in which the 

respective decisions have a direct impact on objectives [8]. However, their influence on the logistical 

objectives in a company is not comprehensively known in industrial practice. This mutual, mostly 

unintentional, influence must be avoided through efficient and effective interface management. Joint 

coordination of the departments on necessary measures is indispensable to reduce internal barriers [11]. 

Departments such as procurement and production are essential constituents of every company. Therefore, 

these departments are required to engage in extensive exchange through transparent communication and 
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coordination [12]. The reduction of interfaces is therefore an important approach to optimising internal 

processes [11,13]. 

3.1 Interface analysis 

Companies have a large number of interfaces in connection with procurement, which can be found either 

externally, e.g. with suppliers, or internally, e.g. in relation to the supply chain between the warehouse and 

production. The primary objective of the company's internal supply chain should therefore be to optimally 

integrate procurement as a higher-level link in order to avoid supply interruptions in production. Especially 

for order-based producers with individual customer requirements, the lead time and adherence to delivery 

dates for the completion of the products is an important competitive factor [14]. To ensure that these 

sometimes sensitive process chains function in a resilient way, a comprehensive analysis is required as the 

basis for designing a target-oriented PPC. In order to systematically work out the characteristics of supplier 

activities as well as the necessary information flows, the value stream analysis and the SIPOC method 

(Supplier, Inputs, Process, Outputs, Customer), for example, which are anchored in the Six Sigma toolbox 

of methods, are valuable tools. These proven and clearly structured overview methods not only enable 

transparency of the essential interfaces in terms of content and process, but also show the data-driven input 

and output through the value creation process. 

A closer look at processes and their interfaces always highlights the fact that the results usually relate to 

different levels of consideration and interact with each other. For the best corporate strategy is difficult to 

implement if workflows and processes are not clearly structured up to the operational level. On the other 

hand, corporate process analyses, such as value stream mapping, always start from the current production 

processes via coordination points such as planning and IT interfaces. This knowledge is essential in order to 

be able to make well-founded strategic management decisions. 

3.2  Approach of the interfaces at four levels 

The levels of the realization win for interfaces with production analyses, addressed in chapter 3.1, are to be 

pointed out now in this approach, at the example of production and procurement. In this approach, four levels 

can be identified, which build on each other and are interdependent (see figure 1). In addition, two procedural 

directions are presented. The analysis procedure from level 1 to level 4 (bottom to top) and the hierarchical 

control direction from level 4 to level 1 (top to bottom). 

 

Figure 1: Four levels of interfaces (inspired by [15]) 

Level 1 forms the foundation for the production-related analysis of processes and interfaces. This level 1 

"Operational Organization" is thus the starting point for the analysis direction. Level 4, on the other hand, is 

a strategic control instance and is to be regarded as the starting point for the direction of control (hierarchy). 

Level 4 – Setting the strategy
Selection of the logistic objectives, 

individual company-internal targets

Level 3 – Strategic planning tool
Production planning and control, supply chain structure,

Hanoverian Supply Chain Model
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After considering the processes at the production level, it is necessary to carry out segmentation at the 

product level and to categorize these products according to a defined value, for example. Based on this, a 

classification of components must be carried out in level 2. This classification of components can basically 

be divided into three categories. Parts that have to be procured externally due to the fact that there is a limited 

vertical range of manufacture. Parts that are manufactured in-house in any case due to the existing vertical 

range of manufacture. A third category consists of parts that can be sourced externally as well as 

manufactured in-house. On the one hand, products in the third category in particular bring the necessary 

flexibility to production in relation to the objective of capacity utilization. Depending on the allocation of 

these products to in-house production or external procurement, this is also accompanied by increased 

planning effort in procurement. This is because either raw materials or finished assemblies have to be 

procured. 

In the next level 3, production planning and control is reviewed. Here, for example, the PPC of HaSupMo 

can be seen as a strategic tool. At this level, the planning stage is reached. Planning is based on data and 

assumptions of the past and also the future. The examination of the already configured PPC thus shows 

helpful clues for an alignment of the strategy of a company based on objectives. These clues are made visible 

and measurable by means of the PPC the objectives of the production logistics. 

The fourth level now has the goal of defining a strategic orientation for the company. Here, the logistical 

objectives can be defined individually within the company. For example, companies with high quality 

requirements, such as aircraft manufacturers, should not necessarily pursue the objectives of short lead times 

or adherence to deadlines as a top priority. On the other hand, companies from the consumer goods segment 

pursue logistical objectives such as a high finished goods inventory and a short delivery time. This strategic 

objective orientation forms the framework and thus indicates the corresponding scope for decision-making 

for the departments with a focus on the interfaces. 

In this way, using functioning process flows from Level 1, the classification of components from Level 2 

and reduced interfaces by means of PPC tools from Level 3, production logistics objectives can be set by 

strategic business decisions. Based on the management's specification of the target values, the production 

programme can now be adjusted again and again by the three lower levels via iteration loops, and the type 

of procurement and production can be regularly reviewed and adjusted. At Level 1, processes and procedures 

in the operational organisation can also be changed and adapted to the procedures for optimising the specified 

objectives. 

4. Integration of PPC  

Production planning and control is an instrument that regulates the processes in the internal supply chain of 

manufacturing companies [16]. Their tasks include the entire planning and flow of production. From 

processing and clarifying orders to dispatching the finished products. It plans and controls orders taking into 

account the available resources and in compliance with overriding corporate objectives such as delivery 

time, punctuality and cost minimisation. [1,16] In addition to the planning and control of processes along 

the company's internal supply chain, production controlling, i.e. monitoring and intervening in the event of 

disruptions in the production process, is also part of the PPC's tasks [17]. Because PPC includes all areas of 

operational production management such as procurement, production, assembly and dispatch, it forms the 

organisational core of manufacturing companies [1,6,16].  

Due to the complexity, scope and high importance of these interrelations, there are various approaches and 

concepts that model the tasks and processes within PPC. These range from more technical concepts, such as 

MRP-I and MRP-II logic, to various frameworks, such as the Aachen PPC model [16], and specialized 

modelling approaches for individual PPC tasks, such as the Manufacturing Control Model of Lödding [18]. 

An overview of the evolution of PPC can be found in [8], [18] and [19]. 
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A model for describing the PPC, which integrates approaches from the Aachen PPC model and the modelling 

of LÖDDING, is presented in the framework "Hanoverian Supply Chain Model". This approach models for 

the first time the link between the eleven different main tasks of the PPC and the related objectives of the 

entire internal supply chain (see figure 2, right-hand side) [8]. The model shows the interrelationships 

between the PPC tasks and the control, regulating and objective variables. The target, planned and actual 

variables in the material flow as well as the effects on the logistical objectives in the individual core processes 

of the company's internal supply chain are placed in a causal relationship [8].  

4.1 Plan Sourcing in HaSupMo 

Focusing on managing the supplier network not only vertically but also horizontally, the share of external 

sourcing is becoming higher and higher, which is why the importance of procurement is steadily increasing 

[20]. In the PPC of HaSupMo, the central procurement tasks are controlled in the PPC main task “Plan 

Sourcing”. As the main task of the PPC, it is the central interface between procurement and the company's 

internal production and therefore of great importance for the company's success [16]. The PPC main task 

“Plan Sourcing” is divided into five sub-tasks that cover the entire procurement process (see figure 2, left-

hand side). 

 

Figure 2: PPC-Main Task Plan Souring and the Hanoverian Supply Chain Model according to SCHMIDT AND 

SCHÄFERS [24] and SCHMIDT AND NYHUIS [8] 

The first sub-task is "Calculate Orders". Here, an order programme proposal with the optimal order quantities 

and times for requirements to be procured is created from the determined primary and secondary 

requirements. From the order programme proposal, which contains the determined order quantities and 

times, in the following sub-task “Prepare Order Inquiry” concrete inquiries can then be made to the already 

selected suppliers. In the sub-task “Receive and Evaluate Bids”, based on the inquiries, the suppliers can in 

turn create offers from which the company can subsequently select the most optimal offer according to the 

target premises. The "Select Suppliers" task is carried out from the analysis of the offers, taking into account 

the price, quality and logistical performance of the suppliers. [21,22,23] After the suppliers have been 

selected, the "Approve Orders" are placed. If no "Approve Orders" are placed, the system then checks 

whether the external procurement programme is feasible so that it can be carried out again from the 

"Calculate Orders". If the external procurement programme cannot be carried out, a message is sent to the 

PPC main task "Plan Production Requirements", which then checks the consequences for in-house 
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production. As a result, the rescheduling of individual orders or in-house production of outstanding 

requirements can be initiated. [8] 

4.2 Influence of logistical Objectives for Procurement 

According to the PPC definition of HaSupMo, “Plan Sourcing” influences the objectives of inventory, due 

date Compliance and service level, or expressed the other way round, delivery delay, in the core process of 

procurement, the first core process in the company's internal supply chain [8]. As already mentioned, the 

task in procurement is to cover the needs that are not covered by the company's own production [1]. The 

inventory is formed from the stored articles [25]. Inventory results in inventory-induced costs, e.g. through 

capital commitment or inventory costs. Therefore, inventory should be kept as low as possible in order to 

keep inventory costs low from an economic point of view [1]. The service level is an important indicator of 

a company's logistics performance. It indicates what percentage of the demands from the inventory could be 

served in the right quantities and at the right time without a delivery delay or failure (see figure 3) [25,26]. 

 

Figure 3: Influencing Factors of Storage and Schedule Reliability Operating Curves according to LUTZ [25] and 

NYHUIS AND WIENDAHL [27] and NYHUIS AND MAYER [28] 

For this reason, the target is to achieve the highest possible level of service, as this demonstrates a high level 

of logistics performance and is synonymous with low delays in delivery from the warehouse compared to 

production [8]. The "due date compliance" results for order-specific procurement and shows the share of 

orders that are available in terms of quantity and on time [18]. Similar to the "service level", the aim is to 

achieve the highest possible "due date compliance". As the average inventory of stock items and directly 

procured items increases, the logistics performance in the form of the logistics objectives "service level" and 

delivery delay is positively influenced. In addition, this is accompanied by an increasing range, while at the 

same time logistics costs rise. This demonstrated influence of logistical objectives illustrates that a clear 

strategic orientation is of high importance for the configuration of the PPC. A clear positioning between the 

logistical objectives can only be achieved in this way. 
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4.3 Conflict of Objectives 

In logistics target achievement, it is often necessary to position the company between logistics costs and 

logistics performance as shown in figure 4 [25]. In order to be able to achieve a high "service degree" in the 

procurement, the stock (high) is largely dependent on the access lot size and the performance of the supplier 

or the safety stock. By a transparent communication with the supplier and a purposeful production planning 

the performance can be besides substantially affected. If this is not the case, there is a risk of failures or 

delays if warehouse demands cannot be met. As a result, the objective "service level" cannot be sufficiently 

fulfilled. [8] The same situation exists for the objective "due date compliance". To ensure availability at the 

time of need and to avoid interruptions in production, safety times are included as buffers for procurement, 

which subsequently result in higher inventories and thus higher logistics costs. [1] In order to guarantee these 

conflicting objectives of high logistical efficiency and high logistics performance with low or optimal 

logistics costs, these differences must be minimised and optimally positioned to meet the company's internal 

needs. 

 

Figure 4: Logistical target system and conflicting objectives of procurement according to LUTZ [25] 

For a holistic view of the conflicting objectives, an exact process-related localisation of the problem area is 

therefore important for a later synchronisation. The interaction of different areas of the company-internal 

supply chain often forms the area of tension, since procurement and production often pursue different 

interests and do not submit to the superordinate objectives through company specifications. 

In order to obtain a standardised view of this interface between procurement and production, the production 

logistics objectives, as described in the HaSupMo, form a standard basis for evaluating and assessing these 

conflicting objectives. This is because direct conflicts are usually visible and can be made measurable. 

Indirect impacts, on the other hand, such as the influence on objectives, which is difficult to measure, can 

only be tracked via a strategic determination of defined objectives.  

The approach presented in chapter 3.2 of using the PPC as a tool for checking the strategic alignment in 

controlling production for the production logistics objectives makes it possible to optimally match the 

required capacities with the order situation. Early information from production can be checked and adjusted 

with the interface to the supplier. With a lead time, determined capacities can be expanded or reduced within 

a certain framework at an early stage via external procurement. On the other hand, in-house production 

serves as a further balancing instrument that can cushion possible fluctuations. This type of general make-

or-buy decision of dependent requirements makes it possible to achieve optimal values for production 

logistics goals and can thus be evaluated as an important mainstay. However, it must be taken into account 

that the framework for capacity adjustment of this kind is always tied to the flexibility of the products of the 

dependent requirements and the company's own vertical range of manufacture.  

The order situation is often subject to predictable and unpredictable fluctuations in the course of a fiscal 

year. This is due to a variety of different factors. For a manufacturing company, however, capacity-adjusted 

utilization of the available resources in defined planning periods is necessary in order to avoid transferring 
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fluctuations in incoming orders directly to production. As shown in chapter 3, the use of a PPC offers the 

possibility to detect any changes at an early stage and to react to them proactively. In order to optimally 

supply a production with the planned demand, not only a good and dense supplier network is necessary, but 

also a suitable configuration of the PPC, as this already provides a lot of information for the interface 

observation. 

5. Conclusion and Outlook 

In the context of this paper, a model-based analysis for the interface of procurement and production was 

conducted. Based on the challenges in the production-related environment, the necessary prerequisites and 

structures were pointed out that are required for a sensible integration and configuration of a PPC. 

The approach to the interface analysis presented in chapter 3.2 points out in the first step that interfaces from 

the operational level up to the strategy definition should be regarded holistic. This approach offers the 

advantage of being able to control the defined corporate strategies hierarchically in the further development. 

Especially the question of the make-or-buy decision for affected components significantly influenced the 

capacities in defined time periods. However, these affected components have the positive side effect of being 

able to compensate for fluctuations that occur by means of targeted control of the PPC deficits or capacities. 

Based on the HaSupMo, the interface of the dependent requirements planning was localised as the interface 

between production and procurement. Depending on the allocation of products, the main PPC task of Plan 

Sourcing presented in chapter 4.1 is significantly influenced. These effects also represent an influence on 

the production logistics objectives, which serve as a control option. 

Nevertheless, the results presented are characterised by basic theory that still needs to be transformed for 

practical use in the future. Further research activities are to be carried out in the validation of the presented 

results in the production environment. Despite this, it can be stated that the entrepreneurial focus should be 

on a sophisticated PPC and its influence on logistical objectives to be able to react successfully and 

proactively to dynamic market movements. 
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Abstract 

Due to shorter product life cycles and the increasing internationalization of competition, companies are 

confronted with increasing complexity in supply chain management. Event-based systems are used to reduce 

this complexity and to support employees' decisions. Such event-based systems include tracking & tracing 

systems on the one hand and supply chain event management on the other. Tracking & tracing systems only 

have the functions of monitoring and reporting deviations, whereas supply chain event management systems 

also function as simulation, control, and measurement. The central element connecting these systems is the 

event. It forms the information basis for mapping and matching the process sequences in the event-based 

systems. The events received from the supply chain partner form the basis for all downstream steps and 

must, therefore, contain the correct data. Since the data quality is insufficient in numerous use cases and 

incorrect data in supply chain event management is not considered in the literature, this paper deals with the 

description and typification of incorrect event data. Based on a systematic literature review, typical sources 

of errors in the acquisition and transmission of event data are discussed. The results are then applied to event 

data so that a typification of incorrect event types is possible. The results help to significantly improve event-

based systems for use in practice by preventing incorrect reactions through the detection of incorrect event 

data. 

Keywords 

CPSL; Supply Chain Event Management; Incorrect Data; Event Data; EPCIS; Typification. 

1. Introduction

The supply chain management sector is becoming more dynamic and complex as a result of rising 

globalization. This makes the framework conditions more unstable, which raises the probability of 

unplanned processes [1]. This results in an expansion of the effort required for process control as well as an 

increase in the number of interfaces between companies and the number of processes to be controlled [2]. 

These conditions as well as an increase in networking lead to an ever-greater amount of data being absorbed 

by companies, from which the relevant data has to be extracted.  The oversupply of information needs to be 

reduced to information that deviates and requires the attention of a decision-maker. This can be achieved 

through event-based systems working according to the concept of management-by-exception [3]. These 

systems include, for example, tracking & tracing systems and supply chain event management. The 

information technology basis for these systems is formed by events, which contain the data arising from a 

planned or unplanned event in a standardized format [4]. For the information to be used reliably in the 

following processes and for decisions to be made correctly, the information must first be available and the 
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data it contains must be of high data quality [5]. If this is not the case, it can lead to serious consequences, 

as the following example shows: A supplier ships the product to the manufacturer, but for various reasons, 

the corresponding event message is not transmitted to the manufacturer. According to the event-based 

systems, the manufacturer starts to reschedule his production to avoid a production stop.  A day later, the 

event is transmitted with a delay, so the manufacturer again reschedules his production.  This example shows 

that event data that does not correspond to reality can lead to significant problems and avoidable additional 

costs. This can also be seen in practice. This can also be seen in practice, where the data exchange with event 

data does not work properly nowadays. The desired data is often not available, the interfaces are not 

sufficiently defined or the quality of the data is insufficient [6]. In particular, the aspect of data quality has 

so far been completely ignored in the description of events [7].  

2. Basic Concepts Regarding Event-Based Systems 

For the typification of incorrect event data, it is essential to have an overall understanding of the relevant 

terms.  Concerning the term event, it is important to understand the definition of the term and the data 

structure of event standards (cf. section 2.1). To be able to comprehend the analysis of incorrect event data, 

the concept of supply chain event management and its difference from other event-based systems must also 

be considered (cf. section 2.2). 

2.1 Events 

The term “event” regarding event-based systems is not uniformly defined in the literature. On the one hand, 

events are described as occurring activities in the real world or a computer system [8]. According to Bensel 

et al., the term can be described as the associated data object for the occurrence of a state with essential 

significance for logistical processes [9]. On the other hand, Heusler et al., for example, expound that an event 

can only be understood as a deviation from a planned state [10]. The definitions in the literature can be sorted 

into the categories 'event in the sense of a status report' and 'event in the sense of a deviation' – depending 

on the main statement. As this paper focuses on the relevant data objects and the associated standards of 

events, the understanding of ‘event in the sense of a status report’ is being followed. 

Within the scope of the exchange of events, different standards exist, which ensure that the sender and 

receiver use compatible formats so that the events can be read without any loss in the receiver system [11]. 

Through literature research, Konovalenko & Ludwig were able to identify three common standards: 

Tracefish, TraceCore XML, and EPCIS; the latter being the most widely used. One reason for this is that 

this standard is subject to fewer restrictions than the other two. Therefore, it can be used universally in 

various industries. In contrast, TraceCore XML was designed for data exchange in the food industry with a 

focus on food traceability; and Tracefish's standard is specific to the fish industry. [7] In addition to the 

standards mentioned above, there is also the Health Level 7 standard, which is only used in the health sector 

[12]. As the overview of the various event standards has shown, only the EPCIS standard is independent of 

the industry. Moreover, it is the most widely used standard. Thus, only the EPCIS standard will be considered 

in this paper.  

According to the EPCIS standard (version 1.2), events always have a basic structure: each of the recorded 

events contains information from the four dimensions of what, when, where, and why using specific data 

elements [13]. The ‘dimension what’ specifies which objects or which object classes are involved in the 

event. For example, the uniquely named objects or object classes are listed in an epcList and usually 

described by an EPC in the form of a uniform resource identifier. The date and time when the EPCIS event 

was created (eventTime) and recorded in an EPCIS repository (recordTime) are stored in the ‘dimension 

when’. Additionally, the time zone of the location where the event was recorded (eventTimeZoneOffset) is 

recorded.  The ‘dimension where’ specifies the exact capture point where the EPCIS event was generated 
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(readPoint). In addition, the location of the business (businessLocation) where the object is now located is 

recorded. The ‘dimension why’ specifies the reason why the EPCIS event was created. The business process 

step (businessStep) in which the event was generated is recorded. Furthermore, the status (disposition) of the 

object is described. In addition, the businessTransactionList is used to assign a business transaction to the 

event. The sourceList and destinationList are used to provide additional business context if an EPCIS event 

is part of a business transfer of ownership, jurisdiction, or custody. The entire data is stored in an XML 

structure with a defined syntax, the vocabulary of which is specified by the CBV. [14] The four dimensions 

can be used to describe the content of each event that occurs in a physical or virtual object. All events can 

be divided into different types of EPCIS events. The ObjectEvent is the simplest and most commonly used 

event. It refers to a single or several objects and is responsible for the pure observation of these. Within the 

scope of the AggretationEvent, the physical merging or separation of one or more objects can be recorded. 

This type is the second most widespread standard and, together with the ObjectEvent, covers the majority of 

events that occur. Another type of event is the TransformationEvent. It is used when input objects are 

partially or completely consumed in the creation of output objects so that some or all of the input objects 

have contributed to each of the output objects. A TransactionEvent occurs when one or more objects are 

linked to or unlinked from one or more business transactions. [15] 

2.2 Supply Chain Event Management 

According to Stölzle et al., supply chain event management can be defined as follows: Supply chain event 

management (SCEM) is a tool for controlling logistical processes that enables the timely reaction to critical 

exceptional events in supply chains [16]. Accordingly, SCEM, like "tracking & tracing", is one of the event-

based approaches, whereby SCEM is understood as a further development of track & trace (cf. Figure 1) as 

it provides the data for system-controlled decision support [17]. 

 

Figure 1:Classification of event-based systems (own figure)  

The term SCEM system, in turn, refers to an information system or the set of information systems that enable 

the fulfillment of functionalities according to their function [18]. Concerning this fulfillment, the majority 

of the literature defines the following five core functions [10,7,18]: 

- Monitor: The core function monitoring includes, on the one hand, the recording of the actual state 

and, on the other hand, the comparison with the target state including the defined tolerance window. 

Based on the comparison, an assessment of the deviation takes place afterward. 

- Report: If a critical deviation from the plan is detected during monitoring, the reporting function 

takes over the real-time transmission of the information to the respective decision-making authority, 

so that it can actively intervene in the system and reduce the risk of major disruptions. 
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- Simulate: Following the registration of an event and notification, simulate checks and evaluates 

possible options for responding to the event, which serves as decision support. 

- Control: The core element of controlling consists of selecting and implementing the promising 

alternative to correct the target-actual deviation in the best possible way. 

- Measure: In measuring, the events are extracted from the individual actual runs. Based on a large 

number of observed runs, performance indicators are determined, which can be used either for 

evaluations of the supply chain processes or as input parameters for the core function monitoring.  

Based on the described core functions, the SCEM can be classified in reference models, such as the supply 

chain planning matrix, between the areas of supply chain execution (short-term) and supply chain planning 

(medium-term) along the complete process chain [19]. The complete process chain explicitly means that this 

does not only concern supply chain processes but also all internal and external processes of order fulfillment. 

The reason for this classification is, on the one hand, based on the short-term reactions in the case of serious 

deviations and, on the other hand, on the additional possibility of abstracting actual processes, which leads 

to medium-term process improvements. Conceptually, the SCEM can be assigned not only in reference 

models but also in the following theoretical approaches: 'cybernetic control loop' and 'management by 

exception' [20,18]. 

3. Methodology 

This paper addresses the following research question for the analysis of incorrect event data.: How do 

incorrect event data occur in supply chain event management and how can they be typified or described? 

To answer this research question, a systematic literature review has been conducted. Due to the scientific 

recognition and the professional proximity, it is oriented towards the procedures mentioned by Webster & 

Watson and Levy & Ellis  [21,22]. The factors used to define the study area can be summarised as follows:  

- Inclusion criteria: language (German and English), availability (full text), document type (journal 

articles, monographs, collected works), period (2011-2021) 

- Databases: ScienceDirect, IEEE Xplore, Google Scholar, RWTH Aachen University Library 

Catalogue 

- Search terms: 17 search terms for data acquisition, 12 search terms for data transmission, 12 search 

terms for concrete forms of incorrect data/search terms are based on Boolean combinations from 

different keywords (study area (“supply chain”, “event management”, “EPCIS”, etc.), data 

(“transaction data”, “feedback data”, “event data”, etc.), errors (“deficient”, “inaccurate”, 

“inconsistency”, etc.), data acquisition (“data acquisition”, “data collection”, “production data 

acquisition”, etc.), data transmission (“data sharing”, “ETL”, “data exchange”, etc.), incorrect 

occurrences (“types”, “characteristics”, “error detection”, etc.)) 

- Search strategy: first search run (abstract review, full text review) / second search run (forward-

backward search) / third search run (forward-backward search) 

Regarding the research question, the search is split into three aspects. First, the modes of operation and 

sources of error in data acquisition and transmission are considered to find causes for the emergence of 

incorrect event data. Then, the concrete forms of incorrect data are being searched for. In the first search run 

on the topic of data collection, 31 relevant sources were found. In the second run, an additional 29 

contributions were found, and in the third run, another 14 were discovered. In the search in the subject area 

of data transmission, a total of 18 relevant sources were found in the first run. In the second run, a further 

eight sources were found. The third run added two contributions. The search for manifestations of erroneous 

event data resulted in four new sources in the first run, eight sources in the second run, and no sources in the 

third run. In this way, a total of 114 contributions were found that are related to the research topic of this 

paper. 
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4. Research Results & Typification 

As a result of the systematic literature research, typical sources of error in data acquisition and data 

transmission could be identified. In addition, approaches were considered that describe concrete forms of 

occurrence of incorrect event data. 

4.1 Sources of Data Acquisition Errors  

In practice, a wide range of data acquisition methods is used. To limit the identification of data acquisition 

error sources in this paper to those most relevant to practice, the following basic assumption was made: Data 

acquisition methods that are very often used in practice produce more data acquisition errors in absolute 

terms than those that are used less frequently. Based on this assumption, the sources collected in the literature 

review were also analyzed concerning the question of how frequently a data acquisition method was 

mentioned. 

The six data acquisition technologies that are cited the most in the 114 sources surveyed are the following: 

RFID (62 sources, representing about 54%), 1D code (29%), manual data acquisition (25%), semi-automated 

operational data acquisition (18%), 2D code (10%), and RTLS (9%). Under the assumption made earlier, it 

can now be assumed that RFID technology causes the most data capture errors in practice, followed by 1D 

code (e.g. barcodes), manual data acquisition, etc. 

Examples of specific errors in data acquisition can be easily described using the barcode or manual data 

acquisition. Typical sources of errors in barcode scanning are deterioration of the readability or damage to 

the code during transport due to scratches, dirt, or moisture [23]. In addition, the reader may be defective or 

incorrectly aligned during the reading process [24]. These sources of error can result in an event not being 

captured during acquisition (missing data acquisition) or not being passed to downstream systems in real-

time (delayed data acquisition). The manual form of data acquisition is to be classified as particularly error-

prone due to the high dependence on the human work factor. Thus, the correctness of data acquisition 

depends on the attention and ability of the person responsible [25]. This means, for example, that a lack of 

attention can lead to numerical errors during data entry. This in turn leads to incorrect data acquisition. 

Furthermore, it is possible that an object is captured although it should not be captured (unnecessary data 

acquisition) or is already captured (duplicate data acquisition). 

Even when considering all of the different technologies, all of the data acquisition results related to event 

data can be grouped into six general categories:  

- Correct Data Acquisition: Exactly the data that should be captured has been captured and is now 

correctly available. 

- Missing Data Acquisition: The data that should have been captured was not captured and is therefore 

not present. 

- Unnecessary Data Acquisition: Data that should not have been captured was captured anyway and 

is now unintentionally present. 

- Duplicate Data Acquisition: Data was captured multiple times and is now redundant. 

- Incorrect Data Acquisition: Data has been collected but is incorrect, inconsistent, or incomplete. 

- Delayed Data Acquisition: Data was captured correctly, but is not available in real-time. 

4.2 Sources of Data Transmission Errors 

Data transmission can be divided into the steps of data integration and data exchange, whereby data 

integration is of higher importance in the context of this paper [26]. First of all, it should be noted that no 

relevant sources of error in connection with data exchange in the EPCIS standard could be identified during 

the literature research. One reason for this may be the high degree of standardization and automation of the 

standard and the associated lower probability of errors occurring. 
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Data integration can be divided into the substeps extraction, transformation, and loading (ETL) [27]. Failures 

in the ETL process can manifest themselves, on the one hand, in the fact that data that has already been fed 

in incorrectly is not recognized and corrected as intended and, on the other hand, in the fact that further errors 

are caused in the course of the process [28]. The causes for this can be found both in the development phase 

and in the operational phase of the ETL process and, similar to data acquisition, are based on both technical 

and human error [28]. Specific sources of failure in the development phase of the process include inadequate 

requirements definition [27], lack of testing of the process [29,30], and lack of continuous maintenance and 

adaptation of the process to changing user requirements [31].  Due to the lack of testing with real data, it is 

not possible, for example, to determine whether incorrect or redundant data is detected and cleaned up 

(incorrect data transmission). During the operational phase, errors may occur in the first two phases of the 

ETL process due to incorrect and/or inappropriate extraction and transformation rules [31–33]. For example, 

an incorrect assignment of data fields (schema mapping) can result in new incorrect data records (error-

producing data transmission). In addition, technical sources of error, such as network errors or problems 

with the data carriers, can occur in the phase of loading the data into the repository [32]. In addition to 

creating new errors, this can also lead to delays so that the data is not provided in real-time (delayed data 

transmission) 

When considering the sources of error in data transmission, it turned out that in general they can be divided 

into four possible categories, which are presented below: 

- Optimal Data Transmission: Error-prone and redundant data is detected and cleaned up. 

- Incorrect Data Transmission: Error-prone and redundant data is detected but not cleaned or not 

detected and not cleaned. 

- Error-producing Data Transmission: Error-prone and redundant data is only produced in the course 

of data transmission. 

- Delayed Data Transmission: Data is not provided in real-time due to delays in the process. 

4.3 Specific Forms of Incorrect Data 

Based on the typical sources of errors in data acquisition and transmission, it is now possible to concatenate 

manifestations of incorrect event data. For the categorization of the forms of occurrence of operational 

feedback data, there are some isolated approaches in the literature. These approaches subdivide the forms of 

occurrence based on data acquisition errors [34], data quality characteristics [35], data sources [29], or data 

attributes [36].  

The occurrences of incorrect data found in the literature can be abstracted and summarized. It can be seen 

that errors in event data in the context of the SCEM can affect several data components: identification 

number (e.g., tag ID, item number), time information (e.g. date, time of entry), location information (e.g. 

reader ID, capture location), total data record. The type of error can vary between the six characteristics 

missing, wrong, redundant, inconsistent, unnecessary, and outdated. For example, incorrect event data can 

consist of missing identification numbers, redundant time information, or outdated location information. 

4.4 Typification  

Regarding the typification based on the forms of occurrence of incorrect event data, the causes of the 

emergence of incorrect event data and their occurrences have to be put into context and abstracted. Based 

on this, the occurrence of incorrect event data can be typified. For this purpose, the error sources of data 

acquisition and transmission are assigned to the occurrences of incorrect data (cf. Figure 2).  
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Figure 2: Framework for contextualizing and describing incorrect event data in SCEM (own figure) 

The categories defined in chapters 4.1 and 4.2 regarding data acquisition and transmission are shown on the 

left side of the figure. Arrow connections are used to assign these to their possible occurrences in the context 

of incorrect event data (cf. chapter 4.3). For example, missing data acquisition can refer either to individual 

contents of a data set that are not recorded or to the entire data set. Specifically, it can therefore be associated 

with missing data components or missing overall data sets. If incorrect data is either not recognized and 

thereupon not cleaned or recognized and nevertheless not cleaned, then the incorrect data transmission would 

be present. It does not establish occurrences of incorrect event data, but it is also unable to correct such 

occurrences. 

Using this framework, the incorrect event data can be typed and contextualized. Since the data components 

mentioned in chapter 4.3 form comparable categories as the dimensions of the EPCIS standard [15], specific 

incorrect event data can be derived. For this purpose, the four event dimensions are considered separately. 

This is briefly explained for each dimension using a specific example: 

The ‘dimension what’ contains information about the physical and digital objects involved in an event [13]. 

A parallel can be drawn between the identification keys of the EPC and the data component of the 

identification number. When placed in the framework for contextualizing and describing incorrect event data 

in SCEM, the EPC identification key would, thus, be associated with the same occurrences and causes as the 

identification number. Therefore, an example of an incorrect occurrence of an EPCIS event could be a record 

that contains an incorrect SGTIN number (cf. Table 1).  

Table 1: Example of an incorrect occurrence form of the ‘dimension what’ 

Dimension Data Element Incorrect Event Data Correct Event Data 

What epcList GTIN 106141411234569 

Serial 12345 

GTIN 106141411234569 

Serial 12346 

The ‘dimension when’ of EPCIS events includes the three elements of eventTime, eventTimeZoneOffset, and 

recordTime [14]. The contents of the dimension can be compared to the when data component in Figure 2. 

Based on a transfer of the findings to the ‘dimension when’, the occurrence of an outdated specification of 

the eventTime in the EPCIS standard could be mentioned (cf. Table 2). This could occur, for example, if an 

event is not recorded until sometime after its actual occurrence due to a time-delayed data collection.  

  

Forms of Occurrence of Incorrect Event Data
Sources of Data Acquisition Errors

and Data Transmission Errors

Missing …

Wrong …

Redundant …

Inconsistent …

Unnecessary …

Outdated …

… Data Component, e.g.

- Identification Number

- Time

- Location

… Total Data Sets

Correct Data Acquisition

Missing Data Acquisition

Unneccessary Data Acquisition

Duplicate Data Acquisition

Incorrect Data Acquisition

Delayed Data Acquisition

Optimal Data Transmission

Incorrect Data Transmission

Error-producing Data Transmission

Delayed Data Transmission
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Table 2: Example of an incorrect occurrence form of the ‘dimension when’ 

Dimension Data Element Incorrect Event Data Correct Event Data 

When Event Time Sep 23, 2012, at 10:12 am UTC Sep 23, 2012, at 09:59 am UTC 

The readPoint and businessLocation of an object are recorded in the EPCIS standard based on the 

‘dimension where’. A possible occurrence of an incorrect EPCIS event could be, for example, an inconsistent 

specification of the Read Point if it contradicts the time zone specified in the When dimension. Table 3 

shows a readPoint in Germany and at the same time an eventTimeZoneOffset that does not correspond to the 

German time zone. 

Table 3: Example of an incorrect occurrence form of the ‘dimension where’ 

Dimension Data Element Incorrect Event Data Correct Event Data 

Where ReadPoint 50° 46' 31.244" N 6° 5' 1.992" E 28° 0′ 44″ N, 28° 58′ 34″ E 

When eventTime 

ZoneOffset 

+03:00 (UTC)  

The ‘dimension why’ can contain information about the businessStep and the disposition as well as a 

businessTransactionList, a sourceList, and a destinationList. For example, the occurrence of a record could 

be derived with a misstatement of disposition that indicates an object is stolen but is in transit between two 

trading partners (Table 9). 

Table 4: Example of an incorrect occurrence form of the ‘dimension what’ 

Dimension Data Element Incorrect Event Data Correct Event Data 

Why disposition stolen in_transit 

5. Conclusion & Outlook 

The concept of SCEM promises companies optimized, faster decision-making, enabled with the help of 

proactive notifications of relevant events within SC. In practice, this should be seen as an opportunity, 

especially against the backdrop of increasing customer demands and uncertain market conditions, to exploit 

the potential of SCEM and improve its competitive position in the long term. Companies are dependent on 

a solid database that provides the relevant data on time and with sufficient data quality.  

This paper creates added value for the conceptual consideration of supply chain event management as well 

as its use in practice through the scientific consideration of incorrect event data. For the further development 

of event-based systems, it is indispensable to transfer the results concerning the potential sources of errors 

into the corresponding occurrences for event data. Through systematic consideration, the foundation for a 

generally valid typification of incorrect event data based on their form of occurrences has been laid. In the 

further, for example, automatic filtering of incorrect event data can be developed, which is before the actual 

core functions simulate, control and measure.  This could exclude the automatic incorrect reaction based on 

incorrect event data (cf. example in the introduction).  

When considering this field of research, there is a need for further research. For example, further 

consideration of possible causes of the emergence of incorrect event data could include other stages of the 

life cycle of the data, in addition to the steps of data acquisition and transmission.  
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Abstract 

Companies and their factories face constant change in today's world. Cost-intensive factory planning projects 

are being carried out in shorter intervals due to the increasing dynamism of the production environment. The 

related investments have a substantial impact on the liquidity of companies. Shorter production life cycles 

and changing consumer behaviour also require an adapted and more sustainable factory planning and cost 

estimation. However, especially in an early planning phase, available data and information are often 

uncertain and inaccurate. This effects in particular the outcome of the central dimensioning variables 

(operating resources, employees and area) for the planned factories. Incorrect dimensioning of these 

variables and thus of the associated costs can lead to substantial misinvestments. A holistic approach to 

obtain a reliable cost estimation of the factory project at an early stage is not yet available. This article 

therefore presents the development of a comprehensive procedure model for dimensioning and investment 

cost calculation in an early factory planning phase. For this purpose, relevant information and planning tasks 

with regard to dimensioning and cost estimation have to be identified first. Determined output values of the 

subsequent resource dimensioning represent the input values for the cost calculation. With the identification 

of surcharge factors, cost rates and calculation methods, the dimensioning variables, in particular the 

production area as the basis for the planned factory, can be estimated in terms of costs at an early stage.  

Keywords 

Investment cost calculation; procedure model; factory dimensioning; economic assessment; planning tool. 

1. Introduction and problem definition

Factory planning can be described as a key factor for the economic success of companies [1]. Factory 

planning essentially involves planning the buildings, the production plant layout and the linking of the 

organizational units to each other including the material, personnel and information flow. Since factory 

planning lays the foundation for the entire production-side infrastructure, decisions in factory planning are 

often of a strategic and long-term nature. Accordingly, appropriate planning of different project contents is 

of essential importance for the manufacturing industry [2,3]. 

Due to their uniqueness and the complex positioning between cost, quality and time with often little or 

uncertain information, projects are generally subject to uncertainty [4]. Factory planning projects in 

particular represent a special challenge due to their long life cycle and significant investment costs. The early 

planning phase in factory planning projects plays a particularly important role. On the one hand, this is where 

the scope of action for each factory planning project is set [3,5]. On the other hand, the early planning phase 

presents planners with major challenges. Especially small and medium sized companies are lacking in 

sufficient resources, so that preliminary planning activities are lost in the operational business. In addition 
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to that a reliable information database is missing [6]. However, reliable and accurate information are 

important basic conditions for factory planning projects [7]. In consideration of the fact that the cost 

influence is particularly high in the conceptual early planning phase and decreases with advancing planning 

progress, decision-supporting methods and approaches are especially relevant in an early phase [5,8]. Since 

the largest investments are determined at this point, it also means that the greatest influence on future project 

costs can be exerted at this early stage of planning [9]. This underlines the importance of economic efficiency 

assessments for decision support already at the beginning of the projects [5,9]. The dilemma of early factory 

planning quickly becomes apparent, since potential projects must be identified and selected with high 

uncertainties and inaccuracies without a secure planning basis and important economic assessments [10–

12]. These uncertainties in the early planning phase significantly jeopardize the final economic planning of 

new factories [13]. If companies do not subject these projects to an appropriate assessment of economic 

efficiency, the risk of misinvestment increases, which in the worst case can lead to insolvency especially for 

small and medium-sized enterprises [14]. For this reason, it must be ensured that costs can be estimated at 

an early stage with sufficiently reliable data. Otherwise, there is a risk that calculations and reported costs 

are not sufficiently valid and thus damaging to the business [15]. In practice, these estimates are often based 

on individual experts and are thus subjective and insufficiently reproducible [6,16]. Various sources 

underline the omnipresent problem of finding suitable and practically applicable solutions to estimate costs 

despite high uncertainty in early planning phases [7,10,17,18]. 

Initial preliminary work has shown that feasibility studies [19] and digital planning tools [20] can address 

this problem and provide added value. These initial approaches detailed the problem and outlined possible 

solutions, but did not yet introduce a structured approach to solving the problem. The hypothesis of this 

paper is therefore that a procedure model for reliable cost estimation is required in early factory planning in 

order to provide companies with effective economic decision support in the context of factory planning. To 

achieve that, this paper first summarizes the necessary requirements for solving the problem and evaluates 

existing factory planning procedures and approaches with regard to the fulfilment of these requirements. 

Based on the resulting research gap, a procedure model is presented that provides an approach to close this 

research gap based on the identification of necessary planning information, early dimensioning of the 

variables operating resources, employees and area by including surcharge-based assessment of investment 

costs. Subsequently, a digital planning tool developed on the foundation of this work is presented, which 

supports the user in a structured and reproducible procedure in the selection of the right planning project. 

2. Derivation of requirements and literature review 

The introduction and statement of the problem lay the basis for the identification of requirements for a 

procedure model for dimensioning and cost calculation in the early phase of factory planning. Certain 

requirements are identified as follows: 

 Consider planning cases 

 Consider the early factory planning phase 

 Dealing with uncertainty 

 Calculation of planning variables (operating resources, employees, area) 

 Derivation of investment costs  

 Assessment of cost/benefit ratio for an advice 

With these basic requirements, existing approaches will first be considered in order to derive potential 

research need. For this purpose, both the classic factory planning approaches and specific approaches that 

focus on uncertainty and the early planning phase were selected (Figure 1). Numerous procedures for factory 

planning exist in the literature and practice, including [1,2,5,9]. Several approaches have been summarized 

in the VDI Guideline 5200, which divides the planning process into seven different planning phases. This 

guideline reflects the interdisciplinary character of factory planning [24]. The classic factory planning 

process consists of sequential planning phases that lead from the "rough to fine" to a gradually detailed 
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planning status [2,3]. The VDI 5200 combines the design of logistical and technological processes with the 

building planning according to the fees for architects and engineers [2]. Overall, a distinction can be made 

between the planning cases greenfield, brownfield, demolition and revitalization [24]. In addition, there are 

approaches, such as condition-based factory planning, which enable a parallel and modular factory planning 

procedure. Here, the aim is to design the planning process in a way that is adaptable to each specific 

application case [21–23]. Apart from the classic approaches, there are other procedures in the field of factory 

planning that deal in particular with uncertainty and early planning phases [6,25–27]. 

 

Figure 1: Assessment of factory planning approaches regarding identified requirements according to [19]  

The classic literature often focuses on the procedure of factory planning itself as described in [1,3,24]. The 

factor uncertainty and the early planning phase are mentioned in the classic planning approaches, but neither 

GRUNDIG, KETTNER or SCHENK further elaborate on them, nor do they include them in their planning in 

advance. VDI 5200 and WIENDAHL only insufficiently name uncertainty associated with factory planning 

and accordingly do not address it further. Furthermore, the classic planning procedures only partially address 

the calculation of the basic dimensioning variables [1,3,9]. In PAWELLEK, however, the consideration of cost 

accounting can be emphasized [9]. The condition-based factory approach of SCHUH, BERGHOLZ or NÖCKER 

also only marginally considers the calculation of planning variables and the derivation of investment costs 

[21–23]. Uncertainty in the early factory planning phase is further considered by HAWER, BROß, UNZEITIG 

and WEIG. However, there are differences in the level of detail. HAWER uses a risk assessment analysis to 
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identify the uncertainty factors [25]. BROß uses an approach with fuzzy logic and keeps this fuzziness also 

in his factors [26]. This also applies to WEIG, who partly uses expert estimates to make statements [27]. 

Ultimately, the approach of UNZEITIG can be highlighted, which successfully deals with uncertainty in detail, 

but in the end, similarly to the other approaches, does not provide a holistic approach to derive investment 

costs in an early planning phase [6]. 

Overall, the approaches only insufficiently link the requirements, especially the early planning phase, the 

dimensioning and the investment cost estimation derived from this. Specific approaches only consider single 

requirements and do not reflect upon the problem holistically. However, sub-points of individual approaches 

are considered useful and therefore will be included in the following elaborations. 

3. Towards an approach for investment cost calculation in the early factory planning phase 

On the basis of this background, a procedure model (Figure 2) was developed to dimension planned factories 

and to estimate their investment costs at an early stage. The developed model concentrates on the strategic 

planning cases greenfield and brownfield, since these two cases are most important for prospective 

adjustments of a factory. The entire procedure was developed by means of a three-stage research and 

analysis.  

In the first step, planning tasks and planning information in the form of input and output parameters are 

considered in order to generally identify the required information for dimensioning and cost calculation in 

an early planning phase. Based on this, the main dimensioning variables (operating resources, employees, 

area) are described and appropriate calculation methods are derived in the second step. Due to the limited 

and uncertain data basis in the early planning phase, surcharge factors, cost factors and uncertainty factors 

are identified in the third step in order to be able to use them to perform an early cost estimate for the 

roughly dimensioned factory. The developed procedure model is developed in the manner that it can be used 

in an early planning phase at the very beginning of VDI 5200, where cost estimates are still insufficient or 

subject to a high degree of uncertainty (cf. Figure 2). By using process data as input parameters and including 

them in the calculation of the spatial view, the procedure model underlines the importance of synergetic 

factory planning to link production planning and building planning more closely. The individual steps taken 

to develop the resulting procedure model are explained in detail below. 

 

 

Figure 2: Procedure model for dimensioning and investment cost calculation in an early factory planning phase 
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3.1 Identification of planning information and planning tasks with regard to dimensioning 

In order to dimension planned factories at an early stage, the required planning information and planning 

tasks first have to be defined. A common understanding has to be created concerning which information is 

available and at which point estimations may have to be made. For this purpose, a model (cf. Figure 3) was 

developed that describes in individual planning modules the procedure for dimensioning in an early planning 

phase.  

 

Figure 3: Step 1 - Identification of planning information and planning tasks in an early planning phase with regard to 

dimensioning 

According to [23,25] the model consists of modules which have different input and output parameters within 

their planning tasks. In the early phase, for example, hardly any or no statements can be made about the 

material flow or detailed layout planning. In order to reduce structural complexity, this procedure was 

therefore limited to the basic dimensioning variables of operating resources, employees and area. Standard 

literature points out that these variables in particular should be taken into account in the early planning phase 

[2,3]. The first three modules "Determination production programme", "Determination workflow" as well 

as "Workforce demand forecast" serve to aggregate basic information regarding the three main dimensioning 

variables. Among other data, production programmes, sales forecasts, bills of materials, product variants, 

product characteristics, operating resource characteristics, work schedules and the organizational structure 

are analysed. The aggregated information from the first modules now serve as input parameters for the 

requirements analysis of operating resources and employees for the planned factory. With the assistance of 

a target/actual comparison of the available and required capacities, the requirements for employees and 

operating resources can thus be determined. These requirements in turn represent input information for the 

area calculation. Thus, area requirements for the planned factory are derived on the basis of the operating 

resources and employee requirements. The derived area is ultimately key input factors for the cost estimate 

in the course of the investment cost calculation. For this theoretically described procedure, calculation 

methods for dimensioning are now required that support the procedure and that are appropriate in the early 

planning phase.  

3.2 Calculation methods for the key dimensioning variables of operating resources, employees and 

area 

In the early planning phase of a factory, it is particularly important to consider the three main dimensioning 

variables of operating resources, employees and area. Due to this, these are briefly explained in this section, 

in order to subsequently derive and present adequate calculation methods (c.f. Figure 4).  
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The dimensioning variable operating resources is defined as technical work equipment for the fulfilment 

of a specific task in a work system. This technical work equipment is any "equipment (machines), plants, 

devices, measuring equipment, tools", which are used in a factory [3]. Their number and size with regard to 

the operating areas are of relevant importance for the development of a planning concept, especially with 

regard to the entire area programs. The type and number of operating resources required is largely defined 

by the respective product. For this purpose, demand figures (processing capacity) and availability figures 

(machine capacity) related to a specific period are compared with each other so that capacity deficits can be 

derived as a result, which form the basis for decisions on the dimensioning calculation of operating resources 

[3] (cf. Figure 4 according to [2]). Three possible outcomes can result from the comparison of the operating 

resources to the required demand of an already existing portfolio: A surplus, a shortage, and a balanced 

inventory [5]. From these correlations, measures for capacity adjustments can be derived, which have an 

effect on the dimensioning of the operating resources [2]. More detailed calculation methods for operating 

resources can be found in [3,5,28]. 

 

Figure 4: Step 2 - Calculation methods for the key dimensioning variables of operating resources, employees and area 

according to [2,29] 

The dimensioning variable employees is determined by the number of workers required to perform all tasks 

in production and administration. The production programme is a useful reference point, as the 

corresponding demand is mapped and an estimate of the required number of workstations can be made [28]. 

In addition to the work areas, attention must also be paid to the installation of necessary functional rooms, 

such as toilets, showers and washrooms. The dimensioning variable employees can be derived from the 

required number of the workforce. A differentiated consideration of the number of personnel compared to 

the personnel requirements is necessary, which requires future changes in personnel planning. The planning 

of workforce requirements for a factory takes place in two ways, which should be carried out synchronously: 

On the one hand, qualitative personnel planning and, on the other hand, quantitative personnel planning [5]. 

The purpose of qualitative workforce planning is to match the required skills and knowledge of employees 

with the requirements of the work tasks [30]. It should be noted that companies are particularly restricted in 

short-term personnel planning by laws and collective agreement specifications. The required personnel 

demand has to be calculated for a future and long-term period and is mainly carried out for the areas of 

production, storage and administration in an early and rough planning phase [5]. Detailed calculation 

methods for employees can be found in [3,5,30] as well as in Figure 4 according to [29]. 

The area as the third dimensioning variable is mainly determined by the necessary area shares of the 

operating resources and the employees. Thus, the area becomes the central dimensioning variable, which 

also substantially determines the final layout of the building. According to VDI 3644, factory areas can be 

divided into main usable areas (especially production, storage and office areas) and secondary usable areas 

(in particular social areas and sanitary areas) as well as transport areas [31]. The determination of area 
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requirements is considered to be an essential task of factory planning, as it attempts to adapt the design of 

areas to the necessary requirements for operating resources and employees. These adapted areas are realized 

in the layout and due to the usually limited available area supply, the available area must be constantly 

examined and reviewed for its active use with regard to the objective of maximum economic performance 

[3]. Detailed calculation methods for the area can be found in [2,3,5,32–34]. 

There are central interactions between the dimensioning variables, which makes a joint consideration 

essential. Thus, data and calculation results of the dimensioning of operating resources form the basis for 

individual area determinations, e.g. of the total machine working area. In particular, data regarding the 

dimensions and the capacity-related number of machines are crucial [2]. Figure 4 shows such a calculation-

based dimensioning of the production area based on the actual machine footprint. In addition, the number of 

machines and the shift model determine the qualified employees required for the production process [2]. 

Furthermore, the degree of automation of the operating resources, for example, has an impact on the 

personnel requirements. In contrast, the introduction of a three-shift model ensures optimal utilization of the 

available capacities and equipment, but requires more personnel. Despite interactions between all 

dimensioning variables, changes in operation resources and personnel requirements always inevitably result 

in changes in area requirements. In the case of operating resources, it is the area reserved for the direct areas 

of the equipment and its periphery, and in the case of personnel for the indirect areas such as administrative 

areas or social areas. Since there is not enough information available at an early planning stage for the 

calculation methods outlined above, surcharge factors and cost as well as uncertainty factors in the 

dimensioning can provide useful assistance in the context of an investment cost estimate.  

3.3 Identification and derivation of surcharge factors, cost factors and uncertainty factors 

The results of the dimensioning are the basis for the final investment and cost decision [1]. The aim is to use 

a quantitative method to determine the profitable value of an investment from the given information and 

calculations. A summary of quantitative assessment methods for an investment can be found in [9]. However, 

due to the limited and uncertain data in an early planning phase, established and data-based cost calculation 

methods cannot be fully implemented. In order to still be able to provide a realistic picture of the planned 

factory in an early planning phase, surcharge factors, cost factors and uncertainty factors regarding the 

dimensioning of the area can be used. These are explained below in their practical application. 

 

 

Figure 5: Step 3 - Identification and derivation of surcharge factors, cost factors, and uncertainty factors 

First of all, valid area surcharge factors were identified depending on the operating resources and the 

employees in accordance with DIN 3644 for both the direct and the indirect areas. In the direct area, in 

surcharge factors

production area

surcharge operating area 0,7m per operating resource [33, 35]

surcharge safety distance 0,3m per operating resource [33, 35]

surcharge maintenance area 0,6m per operating resource [33, 35]

transport and storage areas

surcharge for path areas 25% of production area [x]

surcharge for storage area 25% of main usable area [x]

secondary areas

surcharge for office areas 8-12m² per worksplace [x]

surcharge for first aid room 20m² [x]

surcharge for sanitary area 2m² per workforce [x]

cost factors

type of building usable area (€/m²) volume(€/m³) source

factory building 1171 137 [36]

industrial production building

(solid construction)
1840 225 [38]

industrial production building

(skeleton construction) 1390 185 [38]

factory and warehouse

building
- 33-126 [37]
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addition to characteristic values regarding the machine dimensions, additional factors for individual area 

dimensions are important reference values, which allow a reasonable estimation of the total area. These 

supplements are, among others, values from the workplace guidelines (among others [35]) and are required 

in order to be able to carry out unproblematic operation, compliance with safety distances or necessary 

maintenance work. Commonly used methods in practice are the functional area calculation and the substitute 

area method in order to calculate the total production area on the basis of the machine base area with the 

help of surcharge factors (see also chapter 3.2). In addition, experience has shown that 25% of the production 

area can be allocated to path and transport areas [2]. In the indirect areas, the workplace guidelines and 

empirical values for surcharges in the area of offices and social areas are dependent on the number of 

employees. On the left, Figure 5 shows an excerpt of aggregated surcharge factors for calculating area space 

as a function of the dimensioning variables employees and operating resources. 

In the final step of the procedure model, the area is included as a central input parameter in the investment 

cost estimate. Here, cost rates from various institutions that regularly analyse the cost structure of the 

construction industry are taken into account. The Federal Statistical Office, for example, presents the average 

costs at the time of approval of industrial buildings in its annually published reports on building permits [36]. 

Other sources [37,38] classify further cost rates and cost groups according to DIN 276 [39] on the basis of 

continuous random samples of new buildings. Depending on the required absolute area, the investment costs 

can now be estimated with these cost factors. It is possible to differentiate cost factors according to the 

construction method (skeleton construction, solid construction), construction quality (light, heavy) and 

depending on the required functionalities of direct and indirect areas. Cost factors for cleanrooms, for 

example, are many times higher than standard areas for industrial requirements. Figure 5 shows a section of 

possible cost factors on the right-hand side. These numbers represent general reference values from practice, 

which may differ with regard to the industry and company-specific requirements. 

Cost estimates are increasingly subject to uncertainty due to the turbulent market environment. Since it is 

often not possible to calculate the exact requirements for the planned factory and, for example, the fluctuation 

of raw material prices or cost increases for technical building equipment validly in an early planning phase, 

uncertainty factors are often included in the investment cost calculation in practice. The data and information 

in this early planning phase are insufficiently accurate for exact calculations. Therefore, a variable 

uncertainty factor of 25-30% is added to the factory investment costs calculated in this procedure model. 

This factor represents a proven average value from practice [40–42]. 

3.4 Integration of the procedure model into a digital planning tool 

The preliminary work and the developed process model support the dimensioning of factories in the planning 

phase at an early stage as well as its economic assessment. Surcharge, cost and uncertainty factors provide 

a solution in so far as information is often not yet completely available in an early planning phase. This 

procedure needs to be supported by a software tool in order to be able to carry out the dimensioning and 

estimation in a structured and reproducible way. The use of digital planning tools generally enables planning 

errors to be reduced and planning time to be cut while quality is increased [7,43]. Furthermore, the use of 

computer-aided tools can also contribute to mastering the complexity in the planning process [43]. Therefore, 

in parallel to the presented process model, a digital planning tool is developed that supports the user in a 

structured procedure and thus represents a reproducible decision support for the selection of the right 

planning project. In this context, the software-based cost calculator should also help to enable the early 

estimation of investment costs for planned factories for a wide range of users. Furthermore, by entering 

different input parameters, different scenarios for the future factory can be calculated and compared with 

each other. In this context, the main dimensioning variables are calculated according to the procedures and 

surcharges outlined above. On the basis of the calculated areas, investment costs for the individual factory 

areas can then be calculated. 
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4. Conclusion and Outlook

In a turbulent and uncertain market environment, factory planning with its interdisciplinary character 

becomes a complex and permanent task. In order to avoid misinvestments, planned factories should be 

subjected to a cost efficiency assessment at an early stage. However, in an early planning phase, information 

is often uncertain or not available. This paper therefore presents a procedure model that supports 

dimensioning and investment cost calculation in an early planning phase. In a three-stage procedure, 

planning information and tasks for the early dimensioning of factories are identified, calculation methods 

for the central dimensioning variables of operating resources, employees and area are derived and the 

resulting investment costs are estimated on the basis of surcharge, cost and uncertainty factors. To reduce 

complexity, a digital planning tool supports the user to estimate investment costs in a reproducible procedure 

and thus make future-proof decisions for the company. There is a need for further research in a more detailed 

consideration of uncertainty, e.g. with the aid of fuzzy logic, in order to take even closer consideration of the 

early planning phase. In addition, the interactions between the dimensioning variables have to be analysed 

in more detail in order to obtain a reliable planning basis for the subsequent cost calculation. Furthermore, 

certain target fields of factory planning, such as changeability or sustainability, could be integrated into the 

process model in order to be able to estimate the resulting investment costs for various scenarios. 
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Abstract 

Today's manufacturing companies operate in a turbulent production environment characterized by 

globalization, mass personalization, and customer-specific product requirements. In this context, Lean 

Production and Industry 4.0 play an essential role for manufacturing companies. Both paradigms have 

farreaching production potentials for key performance indicators (KPI), such as time, cost, and quality. In 

addition to these KPIs, the Production's economic, ecological, and social sustainability and flexibility will 

also be important in the future. However, the influence of appropriate Lean Production methods and Industry 

4.0 technologies on sustainability and flexibility has not yet been sufficiently researched. Therefore, this 

paper investigates the impact of Lean Production and Industry 4.0 elements on economic, ecological, and 

social sustainability and flexibility using a comprehensive literature review and an online survey with experts 

from science and industry. Thus, the results of this contribution support manufacturing companies to achieve 

their sustainability and flexibility goals with the help of Lean Production and Industry 4.0. 
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1. Introduction

The industrial sector plays a crucial role in Europe. It contributes 75 % of European Union exports and 80 % 

of all innovations, making it a key driver of economic growth [1]. Nevertheless, with a 20 % share of global 

CO2 emissions, the industrial sector is one of the main contributors to the worldwide effects of anthropogenic 

climate change [2]. Therefore, sustainability receives growing attention in production [3]. In addition, 

manufacturing companies face many complex influencing factors, such as volatile customer demands or 

short product life cycles [4,5], which require production flexibility. Since Lean Production and Industry 4.0 

represent the two leading production paradigms of manufacturing companies [6], the question arises if Lean 

Production methods and Industry 4.0 technologies can meet the increasing demands for productions' 

flexibility and sustainability.  

Lean Production is an established production philosophy that aims to reduce complexity in the value chain 

by eliminating all types of waste [7]. The characteristics of the concept are not limited to the reduction of 

waste and include the optimization of numerous production processes by implementing Lean Production 

methods [3]. Due to the advanced digitalization, further development of the production processes is required 

[8]. Regarding a fourth industrial revolution, Industry 4.0 brings significant changes to the economy, society, 

and environment. The goal is to enhance productivity by connecting all value chain participants to create a 

cyber-physical system using innovative technologies, such as predictive maintenance or artificial 
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intelligence [9]. Both paradigms have far-reaching production potentials for key performance indicators 

(KPI), such as time, cost, and quality [10,11]. However, the impact of Lean Production methods and Industry 

4.0 technologies on production's sustainability or flexibility needs to be further researched to support 

manufacturing companies in achieving their flexibility and sustainability goals by selecting and 

implementing the appropriate Lean Production methods and Industry 4.0 technologies. Therefore, this paper 

investigates the impact of Lean production methods and Industry 4.0 technologies on economic, ecological, 

social sustainability, and flexibility. 

The following chapter sets the reference frame of the scientific fields and presents an introduction to Lean 

Production (2.1) and Industry 4.0 (2.1). Also, section 2.2 describes the relevant target dimensions of 

sustainability and flexibility. Chapter 3 analyzes the state of research (3.1) and identifies the research gap. 

To close this gap, a methodological approach is derived (3.2). This methodological approach forms the 

guideline for investigating the impact of Lean Production methods and Industry 4.0 technologies on 

sustainability and flexibility (chapter 4), which results will be discussed in chapter 5. The last chapter shows 

the limitations of the results and provides an outlook. 

2. Fundamentals 

2.1 Lean Production and Industry 4.0 

After World War II, the Toyota Motor Corporation had to cope with low sales potentials on the Japanese 

automobile market. The lack of cost degression meant that mass production, according to Fordism, was not 

possible for Toyota [8]. Based on this initial situation, Taiichi Ohno designed the Toyota Production System 

(TPS), first described by Womak et al. [10] and is worldwide known as Lean Production. Lean Production 

aims to increase the production's economic efficiency by consistently and thoroughly eliminating all types 

of waste [6]. Moreover, the Lean Production methods aim to optimize production flow, realize a continuous 

value stream, and increase quality [12]. The two main principles of Lean Production are eliminating waste 

and continuous improvement, whereby employees should always be involved in the improvement process 

[13]. According to Dennis [14], Lean Production is based on four essential steps: The harmonization of the 

4 M's (man, method, machine, and material), the optimization of the material flow, the introduction of the 

pull principle as well as the system improvement. To successfully implement the Lean Production approach 

with methods such as Kanban, value stream mapping, and Poka Yoke, the impacts on relevant target 

dimensions need to be known [15]. 

In addition to the Lean Production approach, Industry 4.0 was introduced in 2011 at the Hannover Messe in 

Germany [16]. Industry 4.0 is a technology-driven vision that aims to design smart factories and connect the 

physical and the cyber world with innovative technologies [17]. The so-called fourth industrial revolution is 

transforming the next generation of production systems by becoming intelligent, self-organized, 

decentralized, and flexible [18]. The digitization and networking of existing products, processes, and 

machines thus form the core of Industry 4.0 [19]. The goal is to organize the entire value chain, improve the 

efficiency of the production processes, and produce high-quality products and services. Further advantages 

are highly flexible mass production, reduction of complexity costs or coordination, and optimization of value 

chains in real-time [20]. Industry 4.0, therefore, seeks to realize the future factory by connecting employees 

and all physical resources of a production system, such as products, machines, transportation systems, and 

other objects, to achieve automated information exchange [9,21].  
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2.2 Target Dimensions: Sustainability and Flexibility 

This study focuses on the impact of Lean Production methods and Industry 4.0 technologies on economic, 

ecological, and social sustainability and production's flexibility, which have become increasingly relevant in 

the industrial context. Target dimensions are needed to focus on long-term, strategic company goals rather 

than short-term improvements [23]. The term sustainability is used in various meanings [24]. The Brundtland 

Report presents the guiding principle of sustainable development [25]: "Sustainable development is a 

development that meets the needs of the present without compromising the ability of future generations to 

meet their own. (…) " [26]. The term can be specified by deriving three basic components of sustainability: 

An economical, ecological, and social dimension. These three dimensions form the triple bottom line and 

describe sustainable development as the simultaneous and equal implementation of economic, ecological, 

and social goals [27]. The dimensions can be characterized as follows [28]: 

• Economic sustainability: Economic sustainability is the basis for the following dimensions and estimates 

the possibilities of a company to convert value creation potentials into competitive advantages and 

achieve long-term company continuity. 

• Ecological sustainability: The ecological dimension includes the entrepreneurial influence on protecting 

and preserving the environment, and this requires a systematic reduction of ecological burdens and risks 

by companies. 

• Social sustainability: The social dimension quantifies the social compatibility of entrepreneurial action 

and records the relationship construct with all stakeholders, such as employees and suppliers. 

Nowadays, companies are confronted with volatile markets and globalization [9]. Therefore, a company's 

flexibility is increasingly becoming a strategic competitive advantage [29]. Flexibility is the ability of 

organizations to adapt to changing circumstances. The decisive factors are the timeframe and the extent to 

which companies react to changing situations, such as customer demands. The increasing complexity of the 

business environment is reflected in individualized demand and increased global competition. [29] 

Therefore, the adaptation of the production system is also necessary due to the modification of internal 

specifications and changes in external requirements [30]. 

3. State of the Art and Methodical Approach 

3.1 State of the Art  

A core principle of Lean Production is the elimination of waste, which also impacts sustainability by, for 

example, reducing costs, energy, and emissions [31]. Carvalho et al. [32] point out that not all waste 

elimination improves sustainability. The controversy is evident by investigating principles like Just in Time 

because operational costs are reduced through the effective use of warehouse space. At the same time, more 

frequent material handling leads to higher packaging material consumption and transportation emissions 

[32]. In contrast, little attention is paid to the relationship between Lean Production and social sustainability 

[31], although Lean Production methods, like Kaizen, impact employees' roles, require specific 

competencies [33], and increase the participation of its employees in decision-making [34]. A comprehensive 

study at the conceptual level was conducted by Varela et al. [35], who noted that the Lean Production 

approach is positively linked with sustainability and that, despite some barriers, synergies can be expected.  

Also, according to the literature, Industry 4.0 makes it faster and easier to carry out economic decisions [36]. 

Digitalization influences ecological sustainability through the more efficient use of rare materials. Together 

with simplified disassembly, the waste of resources is counteracted and thus forms a basis for the circular 

economy [37]. However, social sustainability is affected in a conflicting way. Even though workers are 

acting in a safer environment, there is a risk that only highly skilled workers can handle and understand the 

new technologies, so that low-skilled workers may lose their jobs. [3]. Overall, Industry 4.0 benefits the 
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economic [38–40] and ecological sustainability dimensions [39,41], but the impact on the social dimension 

remains questionable. The literature affirms that on a paradigm-level Lean Production and Industry 4.0 

positively affect the flexibility in production, both individually and in combined applications [42,43]. This 

influence still needs to be explored on a detailed method and technology level. 

According to the current state of the art, there is a positive correlation between Lean Production [35] 

respectively, Industry 4.0 [39], and the target dimensions of sustainability and flexibility [3]. The findings 

primarily relate to the overarching connections of the paradigms. However, individual methods and 

technologies are only presented as examples to visualize the results. Thus, there is a lack of in-depth research 

showing how individual methods and technologies influence the target dimensions. Also, according to 

Kabzhassarova et al. [3], there is a lack of empirical investigation of the literature-based findings. Therefore, 

it is essential to investigate the impacts of Lean Production and Industry 4.0 on sustainability and flexibility 

on the method and technology level.  

3.2 Methodical Approach 

In the following section, a systematic approach will be presented to examine the effects of Lean Production 

methods and Industry 4.0 technologies on economic, ecological, and social sustainability and flexibility in 

production. In the first phase, the Lean Production methods and Industry 4.0 technologies are collected and 

classified, resulting in an overview of the appropriate Lean Production methods and Industry 4.0 

technologies. Afterward, an expert survey follows to derive the impact of both paradigms' elements on 

sustainability and flexibility (Figure 1). 

 

Figure 1: Methodical approach to attain the desired research aim (based on Kuß et al. [44]) 

The process for designing the research survey, as presented in Figure 1, can be divided into seven steps and 

is based on the work of Kuß et al. [44]. In the definition phase, the research problem is initially described as 

precisely as possible to specify the actual problem. Next, the study goals, which concretize and set the 

research task, are defined, and the study design is determined. The goals influence the study type, which 

must be considered to choose suitable methods and strategies. Once the structure is determined, measurement 

instruments must be developed to identify the characteristic attributes of the study subjects in the context. 

The data collection phase requires the most resources (time, human, financial). Here, possible errors, e.g., 

human weaknesses or technical problems, should be considered and the work status critically reflected. In 

the sixth step, statistical methods are used to analyze the collected data. Furthermore, the methods are 

essential for deriving conclusions that can be extrapolated from the results of a sample to the conditions in 

the corresponding population. The study's results are presented in the context of report writing or 

presentation of results, and the research questions should be answered.  

  

Definition 

of the 

Research 

Problem

Determination 

of the 

Investigation 

Goals 

Determination 

of the 

Study Design 

Development 

of the 

Measuring

Instruments

Data Collection 
Data 

Analysis
Report 

1 2 3 4 5 6 7

Phase 1 – Specification of the Lean Production Methods and Industry 4.0 Technologies 

Phase 2 – Assessment of the Impact on Target Dimensions based on an Expert Survey

322



 

 

4. Impact of Lean Production Methods and Industry 4.0 Technologies on Sustainability and  

 Flexibility 

4.1 Phase 1: Specification of the Lean Production Methods and Industry 4.0 Technologies  

The selection of the Lean Production methods is based on Aull [45] and the VDI-2870 [47]. After the 

methods have been preselected by literature, an additional survey with participants from industry and science 

has been conducted to identify the relevant Lean Production methods [48]. Figure 2 provides an overview 

of twenty selected methods. In addition, the methods were classified according to Aull [45] into the 

categories logistics-oriented, employee-oriented, and quality-oriented [45]. 

 

Figure 2: Collection of the Lean Production (LP) methods underlying this study [45] 

According to Dillinger et al. [49], the Industry 4.0 technologies selection results from a comprehensive 

literature review, a use case analysis based on the Industry 4.0 platform of the Federal Ministry for 

Economics in Germany [50], and an expert survey. Based on the nine key technology of Rüßmann et al. 

[51], twenty-six Industry 4.0 technologies could be identified by Dillinger et al. [49]. The technologies were 

also separated into three main technology clusters, resulting from a mapping and clustering analysis using 

the software vosViewer [51]. The main clusters are smart data, smart operation, and smart interaction 

[53,52]. Figure 3 provides an overview of the twenty-six Industry 4.0 technologies considered in this study, 

visualizing the three clusters in the inner circle and the key technology fields in the middle circle. Finally, in 

this phase, the goals and descriptions for all the selected methods and technologies were formulated and 

summarized in a glossary given to the participants to ensure uniform understanding. 

!
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Figure 3: Categorization of the Industry 4.0 (I 4.0) technologies (according to Dillinger et al. [49]) 

4.2 Phase 2: Assessment of the Impact of Lean Production Methods and Industry 4.0 Technologies 

 on Target Dimensions  

In the second phase, an online survey with experts from science and industry was conducted to analyze the 

impact of Lean Production methods and Industry 4.0 technologies on economic, ecological, and social 

sustainability and flexibility in production.  

The online study was designed according to established guidelines of empirical social research [55,54] and 

the systematic approach presented in Figure 1. It was conducted over three months and started in July 2021 

with participating experts from production or production-related areas. In particular, people with knowledge 

of Lean Production and Industry 4.0 were required, such as production managers, production planners, or 

digital managers. In addition, management consultants and scientists were asked to strengthen the 

heterogeneity of the target group. With 32 experts, a representative cross-section of the German industrial 

landscape was reached. The study questions were answered using a seven-point Likert scale to determine 

the influence of Lean Production methods and Industry 4.0 technologies on sustainability and flexibility. 

The scale is sectioned from a very negative (-3) to a very positive impact (+3). In addition, participants had 

the option of choosing no effect (0) or could skip the question (k.A.), which ensures that the experts only 

assess the impact of methods and technologies that correspond to their expertise. The data analysis and the 

preparation of the report are summarized in Table 1. 

V
er

tic
al

in
te

gr
at

io
n

Sensors & 
actuators I 4.0

324



 

 

Table 1: Assessment of the Impact of Lean Production methods and Industry 4.0 technologies 

 Economic sustainability Ecological sustainability Social sustainability Flexibility 
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Jidoka 1.79 0.98        1.07 0.93        1.00 0.95        1.38 1.03        

5S 1.27 0.89        1.30 0.90        1.61 0.87        1.06 0.88        

Standardization 2.03 0.80        1.47 0.85        1.29 0.96        1.32 1.42        

Visual management  1.33 0.91        1.00 0.93        1.50 0.89        1.81 0.82        

Shopfloor management 1.57 0.62        0.97 0.87        1.58 0.75        1.45 1.07        

Value stream management  1.87 0.81        1.43 0.88        1.13 0.83        1.27 1.03        

Total Productive Maintenance 

(TPM) 
1.93 0.89        1.50 0.85        1.16 1.02        1.35 0.93        

Single Minute Exchange of 

Die (SMED) 
1.93 0.87        1.03 1.10        0.53 0.76        1.83 1.21        

Poka Yoke 1.73 0.89        1.17 0.97        1.23 1.07        0.94 0.88        

Kaizen 2.03 0.75        1.33 1.11        1.55 0.87        1.35 0.97        

Kanban 1.60 0.92        1.17 0.91        0.58 0.75        1.61 0.83        

Just in Time (JiT) 1.87 0.92        0.80 1.28        0.23 0.97        1.23 1.52        

Production leveling 1.56 0.92        1.10 1.11        0.93 0.94        1.18 1.10        

Synchronization 1.67 0.86        1.10 0.87        0.82 1.00        1.54 1.02        

Flexible layout 1.57 0.76        0.90 0.88        1.00 1.05        2.13 0.98        

One-piece flow 1.47 1.12        1.07 1.12        0.48 0.88        1.63 1.33        

Flow production 1.97 1.02        1.10 0.94        0.16 1.11        0.26 1.41        

Multi-machine operation  1.80 0.75        0.53 0.96        0.26 1.48        1.31 1.26        

Multi-disciplinary trained 

employees 
1.50 1.12        0.97 1.05        1.87 0.98        2.45 0.84        

Flexible employee deployment  1.73 1.03        0.79 1.03        1.48 1.27        2.53 0.62        
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y
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Additive manufacturing 1.45 1.22        1.28 1.39        0.27 1.06        2.20 0.75        

Automated guided vehicles 1.73 0.93        1.00 0.79        0.42 1.48        1.65 1.12        

Autonomous robots  1.70 1.04        0.85 1.01        0.42 1.45        1.63 1.08        

Collaborative robots 1.70 0.90        0.59 0.77        0.90 1.47        1.73 0.73        

Human-machine interaction 1.41 0.95        0.59 0.67        1.00 1.48        1.79 0.76        

Mobile electronics 1.25 0.74        0.62 0.72        0.90 1.35        1.57 0.90        

Augmented reality  1.07 0.96        0.86 0.97        1.23 1.41        1.48 1.13        

Virtual reality  1.04 0.98        0.82 0.97        1.13 1.41        1.26 1.19        

Computer aided X (CAX) 1.24 0.97        0.66 0.92        0.26 1.05        1.43 1.02        

Digital twin 1.61 1.08        1.19 0.94        0.39 1.07        1.80 1.01        

Machine-to-machine 

communication  
1.32 0.85        0.93 0.78        0.42 1.10        1.73 0.81        

Plug & produce 1.36 0.85        0.89 0.82        0.23 1.09        2.17 0.83        

Vertical integration 0.88 1.14        0.70 1.01        0.31 1.12        1.36 0.89        

Horizontal integration 1.28 0.92        0.79 0.82        0.27 1.16        1.40 0.94        

Data security  0.48 1.00        0.07 0.70        0.97 1.33        0.03 0.84        

Data privacy 0.41 0.99        0.04 0.57        1.20 1.38        -0.17 0.73        

Cloud computing 1.29 0.99        0.34 1.29        0.28 1.11        1.43 1.02        

Wireless networks  1.50 0.98        0.62 0.93        0.66 1.06        1.61 0.90        

Real-time data 1.71 0.84        1.33 1.11        0.70 1.16        2.16 0.72        

Sensors & actuators 1.26 0.80        0.67 0.90        0.33 1.04        1.36 1.13        

Auto ID (RFID) 1.29 0.80        0.69 0.79        0.26 1.01        1.60 0.99        

Intelligent objects  1.62 0.79        1.34 0.84        0.72 1.28        1.93 1.01        

Cyber-physical systems  1.72 0.87        1.08 1.03        0.61 1.26        2.04 0.82        

Predictive analytics 1.93 0.84        1.45 0.85        0.84 1.17        1.40 1.05        

Data analytics 1.79 1.09        1.21 1.11        0.55 1.04        1.80 0.95        

Big data 1.21 1.19        0.52 1.23        0.39 0.94        1.43 1.26        

5. Results and Discussion 

The survey results from Table 1 will be interpreted in this section, starting with Lean Production methods 

followed by the Industry 4.0 technologies. The participants attribute the highest positive impact on economic 

sustainability to the Lean Production methods. In this context, standardization (2.03) and Kaizen (2.03) show 

the highest positive scores. Concerning ecological sustainability, the impact of the Lean Production methods 

was weaker, and 95 % of the methods were rated with a low positive effect. The highest average was given 

to Total Productive Maintenance (TPM) (1.50), which indicates a positive impact followed by 

standardization (1.47). A reason why TPM has the highest positive impact on ecological targets is that it 
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increases the overall equipment efficiency, which means that machine downtime can be avoided. When 

considering the impact on social sustainability, the ratings diverge between the methods. The methods 5S 

(1,61), visual management (1.50), shopfloor management (1,58), Kaizen (1.55), and multi-disciplinary 

trained employees (1.87) have a medium, positive impact. In contrast, the methods Just in Time (0.23), one-

piece flow (0.48), flow production (0.16), and multi-machine operation (0.26) were rated as having no 

impact. With the latter four methods, the standard deviation must be considered. The standard deviation is 

higher compared to other methods. It describes a divergence because although the mean value suggests a 

neutral evaluation, both positive and negative effects were attested depending on the participants. In terms 

of flexibility, most methods received a low (55 %) to medium (35 %) positive rating. According to the 

participants, two outliers can be detected with flow production (0.26), which does not affect flexibility, and 

flexible employee deployment (2.53), which has a high, positive effect on flexibility in production.  

The participants rate the importance of Industry 4.0 for economic sustainability by applying the technologies 

as predominantly low (54 %) to medium (38 %) positive. The highest rating is given to predictive analytics 

(1.93). Only the implementation of data security (0.48) and data privacy (0.41) is not considered to have any 

effect. Concerning the impact on ecological sustainability, the picture is uniform. Except for data security 

(0.07), data privacy (0.04), and cloud computing (0.34), which are not considered to have a significant 

impact, most of the technologies (88 %) are rated as having a low positive impact on ecological 

sustainability. When considering social sustainability, the participants rate the impact of Industry 4.0 

technologies in part as having a low positive impact (54 %) and in part as having no impact (46 %). The first 

group primarily includes technologies that directly support employees, such as collaborative robots or 

human-machine interaction, whereas the second group includes digital twin or Auto ID. In terms of 

flexibility, most technologies have a medium positive impact (58 %). In particular, additive manufacturing 

(2.20), plug & produce (2.17), and real-time data (2.16) have the highest positive ratings. In contrast, the 

participants consider that the technologies data security (0.03) and data privacy (-0.17) have no or even a 

low negative impact on the flexibility in production.  

When comparing the results of the twenty Lean Production methods and twenty-six Industry 4.0 

technologies, it is noticeable that the participants assess the impact of Lean Production methods on 

sustainability more positively than the impact of the Industry 4.0 technologies. There is also a tendency 

toward a gradation from economic to ecological to social sustainability. According to the survey, Industry 

4.0 technologies, in particular, positively influence production's flexibility. The literature review conducted 

by Kabzhassarova et al. [3] comes to a similar conclusion that Lean Production, in general, has the highest 

positive impact on economic sustainability and that the influences on the ecological and social dimensions 

cannot be determined. For Industry 4.0, they attest positive correlations for economic and ecological 

sustainability but cannot derive the effects on social sustainability. The expert survey shows that both 

approaches positively affect sustainability and flexibility by implementing their elements. 

6. Conclusion and Outlook 

This research paper provides a presentation of the impacts of Lean Production methods and Industry 4.0 

technologies on economic, ecological, and social sustainability and flexibility in production. For this 

purpose, twenty relevant Lean Production methods and twenty-six Industry 4.0 technologies were identified, 

and an expert survey was conducted. The survey results show that the Lean Production methods and Industry 

4.0 technologies have the highest positive impact on economic sustainability, followed by ecological and 

social sustainability. In the cross-paradigm comparison, it becomes clear that Lean Production methods' 

influence on sustainability is more positive than Industry 4.0 and its technologies. In particular, Industry 4.0 

technologies positively impact the flexibility in production. Thus, the results of this contribution should be 

a first step to support manufacturing companies to achieve their sustainability and flexibility goals with the 
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targeted selection of appropriate Lean Production methods and Industry 4.0 technologies. Future studies 

should deepen this research, and further experts should be consulted and use cases analyzed. Additionally, 

the impact of Lean Production methods and Industry 4.0 technologies on specific sustainability KPIs, e.g., 

CO2 emissions or effects on employment contracts, should be investigated in detail.  
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Abstract 

In this paper, objective functions for the optimisation of modular conveyor systems will be introduced. 
Modular conveyor systems consist of conventional as well as modular conveyor hardware, which are 
arranged in form of matrix-like layouts. The aim of an ongoing research project is to provide small and 
medium-sized enterprises with a user-friendly decision support for the selection and planning of modular 
conveyor systems. For this purpose, the conveyor systems should be evaluated according to the objectives 
throughput and space requirement. Therefore, mathematical equations have been developed, which enable a 
fast and precise evaluation of layouts. The paper focuses mainly on the efficient calculation of the 
throughput. The result quality of the evaluation equations regarding the throughput was proven by a 
simulation of example systems. 

Keywords 

modular conveyor; conveyor system evaluation; throughput analysis; layout optimisation; logistics 

1. Introduction

Conveyor systems are defined as technical devices that are used to automatically transport goods between 
two or more locations. Until now, conventional conveyor technology, such as belt, roller or chain conveyors, 
has been used in intralogistics systems such as warehouses, distribution centres or production. These 
conveyors are characterised by a high handling capacity. However, in case of complex material flows with 
many curves, junctions or intersections, they often require many additional routes, which are similar to the 
intersections on large motorways. This routing leads to an increased space requirement. At the same time, 
conventional conveyors are inflexible with regard to modifications, for example when adding new inputs 
and outputs or changing transport quantities. 
In recent years, various modular conveyor systems were developed. Modular conveyor technology consists 
of functional components or modules that can quickly and flexibly be connected to each other via defined 
hardware and software interfaces. In this way, it is possible to adapt a conveyor system to changed 
requirements with minimal effort. In general, conveyor modules are characterised by a uniform aspect ratio. 
In addition, they can convey goods in multiple directions, in contrast to conventional conveyor technology, 
which can usually only convey in one dimension (forwards and backwards). In this way, different 
intralogistics functions can be realised, such as conveying, sequencing, buffering as well as infeed and 
outfeed. Another advantage is that the conveyor modules can be decentrally controlled. Examples of modular 
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conveyor technology are the Celluveyor from cellumation [1] as well as the FlexConveyor and the GridSorter 
from flexlog [2]. In addition to these commercially available systems, there are also other modular conveyor 
systems such as the conveyor matrix from the research projects CogniLog and netkoPs (Figure 1), which are 
still being developed [3,4].  

 

Figure 1: components of a modular conveyor system layout 

Due to the two-dimensional transport, modular conveyor technology makes it possible to realise complex 
material flows in a very confined space. Due to the novelty of the systems, however, companies and logistics 
planners do not have substantial experience in planning and setting them up. For example, the question arises 
how many conveyor modules are necessary for the transport of a defined quantity of goods and how these 
must be positioned considering given inputs and outputs. To support this planning problem, a method for 
layout optimisation of modular conveyor systems is developed within the research project OptiLay – 
“Automated creation of optimised conveyor system layouts for modular conveyor systems” [6,5]. 
Optimisation algorithms are used for the placement of the conveyor modules. To evaluate the computer-
generated layouts, a quantitative calculation or measurement of objective criteria is necessary. The 
evaluation must also be as fast and automated as possible in order not to slow down the optimisation. This 
paper presents an approach for the evaluation of modular conveyor systems for the objective criteria 
throughput and space requirement. 

2. Related Research 

The calculation and evaluation of the objective criteria space requirement can be performed with simple 
analytical formulas. Preliminary work on this is provided by SHCHEKUTIN [7]. The throughput of a conveyor 
system with only one material flow can also be calculated easily. If there are several material flows between 
different sources and sinks, complex intersection situations arise depending on the layout, for those no simple 
analytical approach exists to determine the total throughput. DALLERY AND GERSHWIN [8] as well as LI  [9] 
provide exact solution approaches for simple intralogistics conveyor systems and machines with a steady-
state distribution of the transport goods. These approaches are not suitable for complex conveyor systems 
with many conveyor modules, as the individual intersection situations have to be modelled in a complex 
process [10]. There are various approximation methods for the throughput calculation, which are based on 
the decomposition of the system into subsystems. For each subsystem, a throughput is calculated. The 
subsystems are then reconnected and the throughput of the entire system is estimated. ARNOLD provides a 
basic framework for the calculation of various subsystems [11]. SCHMIDT and JACKMANN developed a 
decomposition approach for recirculating conveyor systems with blocking before service. GAO ET AL. 
introduced a decomposition approach for multiple material flows [10]. They developed an algorithm for the 
decomposition into subsystems. The throughput analysis is based on their previous research [12]. The 
approach was applied to three conveyor systems in which only simple intersections and merges occur. The 
analysed systems were simulated for comparison, and a calculation correctness of 90 % could be confirmed. 
SHECHKUTIN also developed a layout optimisation approach for modular conveyor systems [7,13]. The study 
is mainly focused on the results of the research project netkoPs. The throughput calculation is based on the 
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detached calculation of the throughput time per material flow. Here, the transport times for the used 
conveyors are accumulated. If the material flow runs through an intersection point or a modular conveyor 
matrix, the transport time of this transport route is offset by a factor. The factor is calculated for each 
intersection situation based on the size of the modular conveyor matrix. It is assumed that a larger conveyor 
matrix leads to a simplification of the conflicts. The conflicts themselves are not calculated concretely.   
In addition to analytical modelling, simulation is used to evaluate the throughput of conveyor systems. 
Extensive simulation software is available for this purpose, such as AnyLogic or Plant Simulation. There are 
many throughput analyses in the literature that have been carried out using simulation. With the help of 
simulation, almost any complex conveyor system can be analysed. However, complex and time-consuming 
modelling is necessary, which has so far been done manually for the most part, since complex control 
procedures have to be implemented (routing, blocking prevention). Due to the modelling effort, simulation 
is not suitable for a quick calculation of the throughput in a layout optimisation. MAYER developed a routing 
method for the FlexConveyor [14]. Within the study, a throughput analysis was carried out by simulation 
for different layouts of the FlexConveyor (e.g. straight conveyor, line sorter, circles and circles with 
intersections). The aim was to check the routing approach. SEIBOLD developed and simulation-based 
validated a routing method for the GridSorter, focusing on avoiding deadlocks [15]. The GridSorter consists 
mainly of the components of the FlexConveyor, but is characterised by a uniform transport direction. With 
the help of the GridSorter, goods can be sorted between different lanes. KRÜHN [16] and SOHRT [17] also 
developed routing methods but for the CogniLog respectively netkoPs conveyor matrix. The routing methods 
were also validated with simulation. KRÜHN used a reservation logic to avoid blockages or deadlocks. 
SOHRT, on the other hand, developed a time-window-based approach.   
In summary, none of the existing approaches meets the previously described requirements for direct 
application in the context of an optimisation (computing time and automated modelling). Therefore, the 
approach presented below was developed. Of course, existing approaches such as decomposition were 
adopted in the design process. 

3. Representation of the optimisation problem  

The optimisation problem is formulated as an extended quadratic assignment problem. Accordingly, the area 
in which the conveyor modules will be arranged is covered with a grid of uniform squares. This results in a 
discrete coordinate system of cells. The conveyor modules also have a square shape. The cells of the base 
area and the conveyor modules must be of equal size. Accordingly, only conveyor modules with the same 
dimensions can be combined within a layout. The sources and sinks of the conveyor system are adjacent to 
the footprint. Each material flow is defined by a type of specific goods, a transport quantity, a source and a 
sink. Each type of good has dimensional attributes in form of a horizontal and a vertical length. Whereby the 
horizontal length always reflects the longer side length of a good. This means that if a good is transported in 
a horizontal direction (e.g. from east to west in plan view), the longer edge is parallel to the direction of flow. 
Accordingly, the shorter edge is parallel to the flow direction when a good is transported in a vertical 
direction. If several material flows run parallel respectively together in one path section, they are combined 
with regard to their attributes. The transport quantity is summed up. The dimensions of the goods are 
converted into quantity-weighted average lengths.  
Based on the arrangement of the conveyor modules, a graph of the conveyor system is also generated. This 
can be used to calculate the transport routes. For this purpose, the conveyor modules have a rotation attribute 
in addition to a position attribute. In this way, it can be checked whether the inputs and outputs of the 
conveyor modules are adjacent to each other and thus if a transport is possible. If this is the case, the nodes 
of the conveyor modules are connected by an edge. The transport path of a material flow can be determined 
by common path-finding algorithms. Figure 2 a) shows an exemplary conveyor system layout. Figure 2 b) 
illustrates the graph derived from it. Here it is important to consider that a conventional conveyor is 
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represented by three nodes and a modular conveyor by up to five nodes. Each conveyor has a node for its 
centre point and nodes for the transitions to other conveyors. The adjacent transitions are aggregated into 
one node. 

a)  b)  

Figure 2: a) conveyor system layout, b) graph representation 

4. Evaluation of conveyor systems 

In the following section, the equations for the evaluation of conveyor systems are presented. In addition to 
calculating the objective values for each objective 𝑍, it is also important to normalise them. This is necessary 
because the values of the objectives do not have the same scaling. For example, the summation of a 
throughput with 1,000 pieces per hour and a space requirement of 20 square metres would mean, that a 
change of the required space would have almost no influence on the sum of the objective values. There are 
several approaches to the normalisation of objective values. HARMONOSKY and TOTHERO developed a 
method in which each sub-value of an objective (e.g. the throughput of a single material flow) is divided by 
the sum of all sub-values for that objective [18]. SINGH and SINGH developed a procedure in which the 
normalisation is performed with the help of a multi-stage calculation process that includes standard 
deviations and mean values of sub-values [19].  
Within this research project, the evaluation formulas of the objective criteria were designed in such a way 
that a percentage value between 0 and 100 is returned. Thus, the individual objective values neither have to 
be scaled nor normalised in order to enable a comparison. In most cases, the percentage value is computed 
by calculating the ratio of the best-known value to the current value of an objective. The disadvantage of the 
method is that when a new best objective value is found, all previously calculated values of the same 
objective must be updated. If these values are not directly needed to control the optimisation method, the 
update can also be done at the end of the optimisation. The weighting of the objectives is possible without 
restrictions. 

4.1 Throughput 

In order to calculate the throughput 𝜆  of a conveyor system 𝑘, the decomposition approach is also used. For 
this, the transport paths of the material flows are first checked for intersections in the graph. A conveyor 
module 𝑓 is an intersection 𝑢 if two or more material flows do not use the same adjacent conveyor modules. 
Accordingly, a parallel transport on a straight line or in a curve is not considered as an intersection unless 
the transport direction is opposite. This definition results in the intersections shown in Figure 3. Case B 
represents only one possible instance of an intersection over several conveyor modules, which is described 
below. There are no other intersection cases beyond the ones shown. A deviating number of material flows 
is mapped via a virtualisation of material flows. This means that material flows that pass through an 
intersection completely in parallel are combined into a virtual material flow based on their attributes.  
In the throughput calculation, only the intersections are considered afterwards. In general, the bottleneck in 

new conveyor modul

source

sink

restricted area

conventional conveyor modul
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a linked system determines the throughput of the system. In the case of the conveyor system, an intersection 
with the lowest throughput determines the throughput of the entire conveyor system (equation 2). This only 
applies as long as all material flows within a conveyor system intersect each other. If there are several 
independent material flows or material flow systems in a conveyor system, the bottleneck must be 
determined for each subsystem. In this case, the total throughput is the sum of the bottleneck throughputs of 
the subsystems. 

 

Figure 3: types of intersection scenarios 

𝑓: conveyor module, with 𝑓 ∈ 𝐹 

𝑢: Conveyor module on which material flows intersect, with 𝑢 ∈ 𝑈 und 𝑈 ⊆ 𝐹 

𝜆 : throughput of an intersection 𝑢  

𝜆 : throughput of a conveyor system 𝑞 

𝜆 : best-known throughput  

𝜆 =            (1) 

𝜆 = min(𝜆 ) ∀ 𝑢          (2) 

𝑍 = ∗ 100          (3) 

In the following subsections, evaluation formulas for all relevant intersection situations are presented. 
Basically, these are based on the calculation of the cycle time 𝑡 . For this purpose, the quantities of goods 
𝑎  of the material flows 𝑖 are first set in relation to each other in order to calculate a batch size 𝑛 . For 
example, two material flows with 400 and 600 pieces per hour correspond to batches of 2 and 3 goods per 
load cycle. A load cycle represents the sequence of transport movements on a conveyor that are necessary 
to process the batches. The number of load cycles results from the greatest common divisor of the quantities 
of the material flows. Dividing the quantity of a material flow by the number of load cycles gives the batch 
size. Then the transport time 𝑡  of each load cycle of the intersection is calculated. This calculation is based 
on the accumulation of transport distances. Distances are, for example, the conveyor module length 𝑠  or 
the respective length of the goods to be transported 𝑙  and 𝑙 . The sum of the distances is then divided by 
the conveying speed 𝑣 . The following parameters are used for the calculations: 

𝑖; 𝑗; 𝑘: material flow with specific good (𝑖 ≠ 𝑗 ≠ 𝑘) 

𝑎 : target quantity of goods [parts/hour] 
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𝑛 : batch size of material flow 𝑖 

𝑙 : dimension of a good of material flow 𝑖 in horizontal direction (𝐻) 

𝑙 : dimension of a good of material flow 𝑖 in vertical direction (𝑉) 

𝑖 : virtual material flow resulting from combination of several material flows with same transport direction 

𝑙 : quantity-weighted dimension of a virtual good from the combination of several material flows 𝑖 in 
horizontal direction (𝐻) 

𝑙 : quantity-weighted dimension of a virtual good from the combination of several material flows 𝑖 in 
vertical direction (𝑉) 

𝑛 : batch size of the virtual material flow 

𝑣 : transport velocity of a conveyor module 𝑢 

𝑠 : length of a conveyor module 𝑢 

𝑡 : time for a load cycle of all material flows on a conveyor module ∑ 𝑡  

𝑡 : time in which a batch 𝑛  of material flow 𝑖 is transported on a conveyor module 𝑢 

4.1.1 Basic intersection of two material flows (Case A) 

The most basic form of intersection occurs when two material flows pass a conveyor module where the 
transport direction is offset by 90°. See case A Figure 3. The time of the load cycle is composed as follows. 
First all goods of the lot of material flow 𝑖 pass the intersection. For this purpose, the corresponding lengths 
are added up. The lot size is multiplied by the length of the goods, and the distance across the intersection is 
added. This results in the total length that must be moved so that all goods of the batch pass the conveyor. 
This is then also done for the second material flow 𝑗, which flows in a 90° rotated direction. 

𝑡 =
( ∗ ) ( ∗ )

         (4) 

4.1.2 Intersection over several conveyor modules (Case B) 

The extension of the basic intersection is already the most difficult intersection situation in terms of 
controlling a conveyor system. It is an intersection of material flows with opposite directions. To avoid 
colliding in the intersection, the goods must be stopped before entering. Like in other intersections, the goods 
of the material flows must wait for each other. Accordingly, all conveyor modules are blocked in the 
intersection situation. In order to calculate the load cycle, it must also be determined whether the goods 
change direction in the intersection, as this has an influence on the travel distance. If goods change direction 
with an even number, then they flow out of the crossing area in the same direction as they came in (equation 
5a). If the number of direction changes is odd, the horizontal and vertical length of the goods must be 
considered once when calculating the transport distance (formula 5b). 

ℎ: number of conveyor modules 𝑓 in an intersection situation in opposite directions 

𝑏 : number of direction changes of a material flow in the intersection situation 

𝑡 =
( ∗ ∗ )

∀ 𝑏  or 𝑡 =
∗ ∗

 ∀  𝑏 , with 𝑏 , 𝑏 = even number   (5a) 

𝑡 =
∗ ∗

∀ 𝑏 = odd number       (5b) 
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𝑡 =
∑

           (6) 

4.1.3 Merging of two opposing material flows (Case C) 

Previously, intersections were described where the material flows are independent of each other before and 
after passing the intersection. In addition, there are intersections where material flows are merged or 
separated. In the first of these cases, two material flows moving in opposite directions are merged and both 
make a turning movement. In the second case, two material flows come from the same direction and are 
separated by a turn. The equation for the separation is identical to the one for the merging. 

𝑡 =
∗ ∗

       (7) 

4.1.4 Merging of two material flows by integrating 𝑖 into 𝑗 (Case D) 

In the second case of merging or separating, one material flow 𝑗 passes the intersection in a straight line. The 
second material flow 𝑖 merges into it. After the second material flow changes direction, a joint movement 
can take place, which significantly increases the throughput. For the intersection situation, two subcases 
arise depending on the batch size of the material flows. The following evaluation formulas regarding 
junctions apply to the case where the straight material flow passes the intersection horizontally. By 
exchanging 𝑙  and 𝑙 , an intersection situation rotated by 90° can be modelled.   
In the first case, there are more horizontal than vertical goods (equation 8). The first term of the numerator 
describes the vertical movement of a good from material flow 𝑖 to the middle of the intersection. Then the 
transport direction of the conveyor is changed. The second term describes the joint horizontal movement of 
one good from 𝑖 and one good from 𝑗. For this, only the length of the conveyor and that of the good of 𝑗 must 
be taken into account. Since good 𝑖 is moved automatically. The two terms and the corresponding movements 
are executed as often as there are goods of 𝑖 in the batch. Then another horizontal transport is carried out 
(term 3). All other goods from 𝑗 are transported. Since this movement follows seamlessly after the last 
execution of term 2, the length of the conveyor does not have to be considered again. 

𝑡 =
∗ ∗ ∗

 ∀ 𝑛 ≤ 𝑛       (8) 

In the second case, there are fewer horizontal goods than vertical goods. The first term again describes the 
vertical movement of a good from 𝑖 to the centre of the conveyor. This movement must be carried out as 
many times as the batch size requires. The second term describes the horizontal movement of a good from 
𝑖. This must be executed individually if no good from 𝑗 is available for joint transport. The third term again 
describes a joint movement of a good from 𝑖 and a good from 𝑗. The joint movement can be executed as 
often as the lot size of 𝑗 requires. 

𝑡 =
∗ ( )∗ ∗( )

 ∀ 𝑛 > 𝑛        (9) 

4.1.5 Merging of three material flows by integrating 𝑖 and 𝑘 in 𝑗 (Case E) 

The evaluation equations presented in this section are based on those described above, but for the case where 
one straight material flow and two opposing turning material flows exist. The evaluation equations again 
apply to a horizontal case, with 𝑛 ≥ 𝑛  for the turning material flows. For the intersection situation, three 
subcases arise depending on the batch size of the material flows. Both equations 10 and 11 are similar to 
equation 9, considering how often goods from one of the two material inflows make a joint movement with 
goods from 𝑗. The first term in equation 10 describes a separate movement across the conveyor of goods 
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from one of the material inflows. The second term in equations 11 and 12 adds the vertical movement of the 
goods of the additional material flow 𝑘. In equation 11, the additional last term describes the horizontal 
movement of the goods of the additional material inflow 𝑘, which is not carried out as a joint movement 
because there are not enough suitable goods from the horizontal direction. Equation 12 is the adaptation of 
equation 8, in addition to the extension described above, only the changed number of joint and independent 
movements is taken into account in the last terms. 

𝑡 =
∗ ∗ ∗ ∗

 ∀ 𝑛 ≥ 𝑛 ≥ 𝑛    (10) 

𝑡 =
∗ ∗ ∗ ( ) ∗

 ∀ 𝑛 > 𝑛 > 𝑛 ; 𝑛 < (𝑛 + 𝑛 ) (11) 

𝑡 =
∗ ∗ ( )∗ ( ) ∗

 ∀ 𝑛 ≥ (𝑛 + 𝑛 )  (12) 

4.1.6 Validation of the equations by simulation 

In order to validate the equations for the intersection situations described above, they were simulated. The 
intersections were modelled and simulated with discrete event simulation via Plant Simulation. For the 
simulation, a continuous good flow was assumed and stochastic influence were not considered. First, 
individual intersections were simulated and second, conveyor systems were simulated. The latter was done 
to test the hypothesis that the throughput of the bottleneck is also the maximum throughput of the conveyor 
system. Table 1 shows the result of the throughput calculation compared to the simulation results. Basically, 
the throughput of the bottleneck is slightly overestimated by the equations. The previously mentioned 
hypothesis could be confirmed, because the bottleneck defines the maximum throughput of the system. This 
can result, for example, from insufficient control of the simulation. This problem can also occur in the control 
of real systems. An example of this is the control of the previously described joint movement of goods in 
junction situations. To enable this, the systems must continuously track the exact position of the goods in 
order to be able to calculate the start time and the duration or length of the joint path. However, the validation 
shows that the deviations are very small (less than 1 %), so the procedure for throughput calculation can be 
used in the context of optimisation. 

Table 1: Comparison of evaluation equations and simulation 

Case Parameter 
Evaluation equations  
[goods/hour] 

Simulation  
[goods/hour] 

A 
𝑛 =  𝑛 = 1  
𝑛 =  1; 𝑛 = 3  

𝜆 = 2,440  
𝜆 = 867; 𝜆 = 2,601  

𝜆 = 2,427  
𝜆 = 865; 𝜆 = 2,593  

B 
𝑛 =  𝑛 = 𝑛 = 1; ℎ = 3  

𝑛 =  3; 𝑛 = 3;  ℎ = 2  
𝜆 = 1,058  
𝜆 = 1,270; 𝜆 = 846  

𝜆 = 1,059  
𝜆 = 1269; 𝜆 = 847  

C 
𝑛 =  𝑛 = 1  
𝑛 =  1; 𝑛 = 3  

𝜆 = 2,618  
𝜆 = 867; 𝜆 = 2,601  

𝜆 = 2,603  
𝜆 = 865; 𝜆 = 2,593  

D 
𝑛 =  𝑛 = 1  
𝑛 =  3; 𝑛 = 2  

𝑛 =  2; 𝑛 = 3  

𝜆 = 3164  
𝜆 = 1,845; 𝜆 = 1,230  
𝜆 = 1,398; 𝜆 = 2,097  

𝜆 = 3147  
𝜆 = 1,835; 𝜆 = 1,224  
𝜆 = 1,390; 𝜆 = 2,085  

E 
𝑛 =  𝑛 = 𝑛 = 1  
𝑛 =  4; 𝑛 = 5; 𝑛 = 2  

𝑛 =  2; 𝑛 = 3; 𝑛 = 1  

𝜆 = 3,063  
𝜆 = 1,142; 𝜆 = 1,428; 𝜆 = 571  
𝜆 = 1,059; 𝜆 = 1,588; 𝜆 = 529  

𝜆 = 3,046  
𝜆 = 1,136; 𝜆 = 1,420; 𝜆 = 569  
𝜆 = 1,053; 𝜆 = 1,579; 𝜆 = 527  

4.2 Space requirement 

The space requirement of a conveyor layout can be calculated statically or dynamically. When applying the 
optimisation method being developed, a maximum permissible area requirement must be defined by the user. 
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This is done by specifying a horizontal length 𝑙  and a vertical length 𝑙 . When using the static method, the 
permissible area requirement is set in relation to the sum of the areas of all conveyor modules. 

𝑙 : edge length respectively dimension of a conveyor 𝑓 

𝑍 =
∑

∗
∗ 100 (13) 

The dynamic method uses the same equation, but the denominator is the area spanned by the conveyor 
modules. For this, the minima and maxima of position coordinates form the conveyor modules must be 
determined and subtracted from each other. The set of position coordinates in 𝑥-direction is 𝑋 with 𝑥 ∈ 𝑋. 

𝑙 = max(𝑋) − min (𝑋) (14) 

𝑙 = max(𝑌) − min (𝑌) (15) 

5. Conclusion

In this paper, evaluation equations respectively analysis methods for conveyor systems have been presented. 
In the focus of the paper is the evaluation of the throughput of conveyor systems in complex intersection 
situations and with several materials. For this purpose, a decomposition approach was used, with which the 
critical intersection situations respectively the bottlenecks in the conveyor system can be considered. With 
the help of simulation, the evaluation equations could be validated and it could be shown that the error rate 
is less than 1 %. Accordingly, the analysis method can be used to evaluate conveyor systems in the context 
of layout optimisation. The further evaluation equation for space requirements is based on simple 
mathematical principles. In the next steps of the research project, a software will be developed with which 
users can plan their individual conveyor systems. In addition to the optimisation method, the evaluation 
equations presented must also be implemented in such a way that they can be calculated automatically. This 
requirement was of course taken into consideration in the development of the latter. The evaluation equations 
presented can be further detailed. Regarding the throughput calculation, for example, failure rates of the 
conveyors or transport processes of goods with very small dimensions (𝑙 < 𝑠  or 𝑙 < 𝑠 ) could still be 
taken into account. Furthermore, objective functions for buffer capacity and costs will be developed.  
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Abstract 

In Germany’s transition to a more sustainable industrial landscape, electricity generated by wind 
turbines (WT) remains a mainstay of the energy mix. Operating and maintenance costs, which account 
for roughly 25% of electricity generation costs in onshore WTs make improvements of maintenance 
activities a key lever in the economic operation of WTs. Prescriptive maintenance is a possible 
approach for improved maintenance activities. It is a concept where asset condition data is used to 
recommend specific actions and has great potential for the operation of wind parks. However, 
especially small, but also large wind park operators, and maintenance service providers often 
struggle with the implementation of such a new maintenance approach. As a part of the research 
project ReStroK, a learning game has been developed to support the training and familiarization of 
maintenance technicians with the concepts and underlying principles of this maintenance approach. In 
this paper, the concept for the development of a learning game will be presented. Multiple scenarios for 
its usage and their corresponding requirements will be discussed and an overview over the game will be 
given. 

Keywords 

Prescriptive Maintenance; Learning Game; Training; Asset Management; Reliability 

1. Introduction

Renewable energies have carved out a significant role in the current development of the Germany energy 
market [1]. Especially considering Russia’s war of aggression on Ukraine in the spring of 2022, 
the availability of alternative sources of Energy becomes even more important for Germany and the 
European Union as a whole. Onshore wind turbines (WTs) have huge impacts in achieving an 
environmentally friendly energy supply and are the largest contributor to electricity generation, as they 
have a share of 41% of electricity generation form renewable energies in Germany [2]. However, 
nowadays the operators of wind turbines are facing increasing cost pressures [3]. This is due to the 
expiration of the EGG (German renewable energy law) and other subsidies as well as age-induced 
increasing operating and maintenance costs (O&M costs). When examined more closely, the annual 
O&M costs reveal, that they initially make up 10-15% of total costs per kWh for a new WT, with the 
share rising to as much as 35% by the end of the asset life [4–6]. It can be concluded, that O&M costs 
determine nearly 25% of the total costs per kWh on average throughout the whole asset life cycle and 
can be an important area of focus for the reduction of costs for the operation of onshore WTs [7] for 
maintenance. 
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Maintenance is the key driver to maintain asset productivity, secure asset reliability, restore machine health 
and ensure long service life. It has been shown, that prescriptive maintenance is useful for reducing O&M 
costs.[8,9] In this context, an ontology was designed to enable the connection of different data and develop 
a function tree, which shows possible errors and their causes. However a gap between research and industry, 
mostly due to a lack of data quality awareness by maintenance and operating staff persisted [8]. Therefore, 
to support the implementation of prescriptive maintenance, sociotechnical success factors were examined 
and explored. It was shown that different factors are important for the following three stakeholders: 
operators, original equipment manufacturers (OEM’s) and independent service providers (ISP’s) [10]. In 
case of the operators, the most important factors were e.g., the digital capabilities [10]. Therefore, a 
procedure to support operators in the implementation of such an approach is needed. A learning game is one 
possible avenue to achieve such goals. 

At this point, the research project “ReStroK” comes into play. An investigation of machine evaluation of 
both, condition data and maintenance histories, which were previously solely used for documentation 
purposes, takes place in cooperation between the Institute for Industrial Research (FIR) at RWTH Aachen 
University, other research institutes and industrial partners.  

In this paper the concept for the development of a learning game, which supports the training and 
familiarization of maintenance technicians with the concepts and underlying principles of this maintenance 
approach will be described. It will be shown, how a learning game could be developed to be useful, easy to 
play and effective for this purpose. 

2. Theoretical background 

2.1 Learning games 

The goal of a learning game is the transfer of knowledge to a player by combining learning with playful 
aspects [11]. It is a tool that serves to promote certain skills and knowledge [12]. In literature, one can find 
a variety of ways to implement learning games, whether in a very traditional, analogue way or by utilizing 
digital media. A possibility to implement learning games in a very simple way are writing-games in form of 
puzzles or crossword puzzles, which concern themselves with finding or creating terms or objects [13]. 
Furthermore, it is possible to convey knowledge to the players by using different materials such as cards, 
building blocks or dices. Well-known models include the so-called board games, which ask the players to 
master challenges through the use of certain action cards [14]. In addition, there are other types of learning 
games such as adventure games, where the players are accompanied in the learning process using different 
media or strategy games, which ensure the learning of complex relationships through simplified 
presentations [15]. Apart from that, role games give the players the opportunity to try out diverse positions 
by taking on different roles and thus broaden their field of visions on a topic. However, digital learning 
games are the most widespread ones. Along the use and availability of various types of digital media or 
technologies, it is possible to offer such games in different implementations and bring learning closer to 
people. These can be in form of an installed programme on a computer, a video game developed for learning 
purposes or an app for the smartphone [16,11,17]. So therefore, it is shown that there are many ways to 
design and implement a learning game. First, it is important to clarify which tasks, characteristics, and goals 
such a game pursues. Many video games are structured to provide a certain extent of replayability often it 
offers the option to learn and deepen knowledge by playing a game more than once.[18] Additionally, the 
replay mechanism allows players to make mistakes and shows them that failures are also a part of the natural 
process of playing and learning.[19] The use of learning games can also increase the motivation of the players 
which leads to enjoyment while learning and thus being encouraged to continue playing.[13] Despite all this, 
games can only be considered successful, if players manage to understand the procedure of the game without 
too much effort. Therefore, it is important to establish clearly defined game rules and goals.[20] Moreover, 
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the offered or provided material in a game should seem attractive and interesting to the player so they remain 
interested and enjoy staying in the game.[12] Characteristics such as rewards, degree of challenges, effective 
feedback or graphic representation can also be helpful for the successful implementation of a learning game. 
Offering rewards can lead to an increase in motivation and participation.[15] The level of difficulty is to be 
chosen to suit the players ability and encourage the player to achieve their goals.[21] Direct feedback during 
or at the end of the game is an essential part of learning. In digital games the possibility to get direct and 
personalized feedback is given, which can improve players result and increase comprehension.[17] 

2.2 Maintenance for onshore WTs 

Regular inspections and maintenance are crucial and mandatory for the unobstructed operation of onshore 
WTs. One possible way to cluster all maintenance activities is the classification in corrective and preventive 
maintenance [22]. Corrective maintenance activities are triggered by a fault event and carried out after the 
event. An example for such can be percussive maintenance, which is the art of utilizing physical measures 
(typically physical blows, hence the name) for an item to re-function. Preventive maintenance activities on 
the other side are carried out before the fault event to reduce the probability of the malfunction of an item. 
Preventive maintenance activities can take on differing forms e.g., time-based maintenance (activities are 
conducted in fixed time intervals) or cycle based maintenance (activities are carried out after a fixed amount 
of cycles performed by the asset). Condition based maintenance is the next step for a maintenance approach. 
It moves away from such fixed targets in favour of a more flexible approach (activities are carried out based 
on the state (“condition”) of an asset, rather than rigid intervals. A further developmental step is a so-called 
predictive maintenance approach. Herein, maintenance activities are derived from data analytics and the 
evaluation of significant system parameters [22]. Thus, combining condition based maintenance and 
prognosis models. 

Moreover, even predictive maintenance shows further subsets / more advanced concepts. All have in 
common, that they rely on prognosis models (based on analysis of asset data) to derive the optimal moment 
for the performance of maintenance activities. However, prescriptive maintenance goes one step further. 
Whereas predictive maintenance focuses solely on the condition of the object of maintenance to carry out 
maintenance activities based on a forecast (prognosis model), a prescriptive maintenance approach considers 
the object of activities to be a guiding and controlling element for activities as well [23]. Instead of only 
taking the performance of maintenance activities before the fault event into consideration, a prescriptive 
maintenance approach provides direct guidelines for specific actions to prevent failures and reduce 
downtimes. It also includes the collection of data of significant parameters, analysing and evaluating them 
and eventually includes the utilization of these insights to prescribe activities to the object of the maintenance 
strategy. These prescribed measures are then evaluated for effectiveness based on data and adapted when 
needed. This enables a system to be self-optimizing, which is the highest achievable level of maturity of a 
maintenance systems and thus leading to competitive advantages.[24] Conclusively, this makes the 
prescriptive maintenance approach a superior approach in the maintenance of onshore WTs. The basic (data) 
framework hereby consists of four steps: Data Acquisition, Data Processing, Data Analysis and Decision 
Making.[10] 

However, when considering maintenance strategies for a maintenance system of an onshore WT, there are 
more factors that need to be considered, when setting up a prescriptive maintenance strategy. Maintenance 
of onshore WT’s is characterized by complex relationships between OEMs, operators, and independent 
service providers (ISPs) with all parties holding distinct interests. While operators are aiming for the most 
cost-effective way of maintaining the functionality of their assets, OEMs and ISPs are in direct competition 
for selling their maintenance contracts [25,10]. This results in conflicting interests, which further lead to 
little to no exchange of data and/or knowledge. The quality and quantity of data is essential for targeted 
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optimization of maintenance and directly connected to the successful implementation of improved 
maintenance strategies especially in the context of prescriptive maintenance [8]. 

Due to these conflicting interests of the relevant actors, each one shows different key requirements that need 
to be met to successfully implement a new maintenance approach. These requirements were investigated by 
STRACK et. al. as a part of the ReStroK research project [10]. Operators for instance show great interest in 
digital capabilities, while OEMs and ISPs as the ones executing maintenance measures prioritize structured 
communication. Analogically, Operators show very little interest in dynamic collaboration of value 
networks, while OEMs and ISPs see this as the most important factor. Or for instance, when it comes to 
Information Systems, ISPs and Operators see great relevance in information processing, while OEMs focus 
more on data integration [10].  

Conclusively, there are major differences in the perceived value of certain factors for the successful 
implementation of a prescriptive maintenance system. Which makes it crucial to have the specific 
requirements considered with any form of enablement, like, for instance, a learning game.  

3. Research method 

In this study, an exploratory multiple case study has been the chosen research method, while the research 
design follows the phenomenological approach of qualitative research.[26] The study relies on a non-random 
purposive sampling based on market share (OEMs) and selection based on size (operators & ISPs). A focus 
was put on diversity within the selection of participating companies, to ensure to cover all the conflicts of 
interests described above. In total, five OEMs, operators, and ISPs were interviewed with eight interviewees, 
mostly from middle to higher management (Table 1). 

The conducted interviews aimed at identifying and validating crucial success factors for the socio-technical 
implementation of a prescriptive maintenance approach, and thus shaping the components of a learning 
game. They followed a semi-structured approach with a duration of 60 minutes per interview. Due to 
pandemic restrictions, all interviews were performed online. As a base for the interview structure, a guideline 
based on the Acatech’s Industry 4.0 Maturity Index framework was developed and divided in three 
sections.[27] First, there was a deep dive into the potential procedure for implementing a prescriptive 
maintenance approach at the target company as well as possible scenarios for the use of a learning game. 
Second, the required capabilities were targeted and researched. Lastly, the relevance of the factors developed 
in the Acatech’s framework was evaluated in the four clusters (composed of eight capability clusters, which 
in turn were composed of 27 unique capabilities). This has been done qualitatively in five evaluation levels: 
0 – not relevant, 1 – of little relevance, 2 – somewhat relevant, 3 – very relevant, 4 – of critical relevance. 
The aggregated results of the interviews are shown in Table 1. 

Table 1: Aggregated results of conducted interviews (n=8) 

Cluster Capability cluster Operators ISP’s OEM’s 

Resources Digital Capability 4,0 3,3 2,6 

Resources Structured Communication 2,3 3,5 3,2 
Information systems Information processing 3,0 3,8 2,8 
Information systems Integration 2,3 3,5 3,4 

Organizational 
structure Organic internal organization 0,5 3,0 2,2 

Organizational 
structure 

Dynamic collaboration in value 
networks 

1,0 4,0 3,7 

Culture Social collaboration 0,7 3,7 3,2 
Culture Willingness to change 1,2 3,0 3,3 
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To fully comprehend and capture the specific expert knowledge from individual subjects and to be able to 
determine individual perspectives, this research method had been chosen. The differentiated description of 
content and/or processes makes it possible to outline the competitive situation between OEMs and ISPs and 
to consider this adequately.[28] 

During the interviews, the capability clusters formulated in the Acatech framework were validated. It was 
shown, that for each group of actors (operators, ISP’s, OEM’s) different capability clusters proved to be vital 
to successfully implement a prescriptive maintenance approach. Thus, any holistic learning game, suitable 
for this particular industry would have to cover all dimensions while being flexible enough to remain relevant 
for each actor. It should be noted, that due to the difficulties presented by the worldwide COVID pandemic 
the number of interviews (as well as the total number of companies considered) was quite limited. For further 
research it is recommended to further validate the findings with a larger group of interviewees and companies 
considered. 

4. Learning game 

4.1 Usage scenarios 

Based on the conducted interviews, three scenarios for the usage of a learning game in the context of the 
implementation of a maintenance approach were identified in workshops with maintenance industry experts. 
Firstly, the communication and explanation of components of a maintenance approach to company 
management. Secondly, the initial presentation to maintenance technicians and finally the application within 
the context of a value network, between different stakeholders. All scenarios contain the same key elements 
(e.g. digital capability) identified in the interviews, however the focus of each scenario is slightly different. 

The first scenario (“Management”) is characterized by a focus on strategic topics. In such a case, the 
proposed approach is first presented to management. Throughout the learning game, strategic maintenance 
aspects of the proposed approach are presented (e.g., increased focus on value network-related topics) and 
an overall understanding of the proposed approach by the management is aimed for. Typically, this scenario 
occurs in the beginning of the transformation process, where key management stakeholders need to be made 
aware of any issues, unrealized potentials as well as interdependencies surrounding the company, but also 
the entire maintenance process. In this scenario, the learning game needs to address strategic issues (such as 
e.g. budgeting) but also build an overall understanding of key factors (e.g., the necessity of digital capabilities 
for WT operators). 

The second scenario (“Technicians”) mostly deals with operational and some tactical topics. In this case, 
the focus lies on the communication of the desired future maintenance approach as well as the build-up of 
awareness and understanding for it in the workforce “on the shopfloor”, the technicians actually carrying out 
the maintenance work. Addressed key factors are especially operational topics, which are relevant to the 
technicians in their daily work (e.g. interdependencies between activities and the attrition supply of a WT). 

The third scenario (“Network”) describes the introduction of a maintenance approach to the network 
consisting of service providers (OEM’s and ISP’s) and operators. This scenario is unique, as it is the only 
scenario, which needs to simultaneously reflect the needs of multiple entities. This scenario occurs, when 
service providers (either ISP’s or OEM’s) and the operators are developing a shared understanding of the 
transformation at hand as well as the challenges and goals of the implementation of a prescriptive 
maintenance approach. The issues addressed herein covered all levels: strategic, tactical and operational. 

4.2 Developed learning game 

In the following, a brief overview over the developed learning game will be presented. Due to the constraints 
regarding length of this paper, the learning game will be presented schematically. This is sufficient, as the 
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procedure to derive key capabilities and identify usage scenarios as well as other key parameters has been 
laid out in the previous chapters and the concrete specifications will differ somewhat for each use case as 
the companies in consideration will have differing individual requirements. In figure 1, a schematic 
representation of the board of play is shown. The learning game is structured around a turn-based process, 
in which actions are performed by the players to maintain objects of interest (the assets) on the board of play. 
Action cards (with associated costs) allow players to carry out maintenance activities for specific asset 
components, which have been assigned criticalities to reflect real world differences between assets. 

 

Action 
Phase

Event 
Phase

Results

Investment 
Phase

Draw action 
card

Perform actions 
for specific 
components

Components color 
coded according to 

criticality 
classification

 
Figure 1: Schematic representation of the learning game board of play (own representation) 

In figure 1, the standard procedure for a turn is shown as well. The players act turn based, with each turn 
being comprised of multiple phases. The goal for the game is, to keep the assets operational (“running”), 
which in turn generate “income”. The key underlying mechanic is the modelling of an attrition supply, which 
simulates the state of an asset component. Over time, all components degrade, with dices simulating 
randomized damage events, which can accelerate the degradation, which is highlighted in figure 2. Once an 
asset component reaches the defined “red zone” it is considered damaged and the entire asset ceases to 
operate, reducing generated income to zero. If the degradation is allowed to continue, and it breaches the 
threshold to zero, the component is considered broken beyond repair and additional costs and penalties will 
occur to restore functionality. Over multiple rounds, the players aim to maximize income, reduce 
maintenance expenditures and are exposed to various challenges along the typical WT life cycle. The game 
is “won” if the entire WT turns out a profit over the “lifetime” of the asset, modelled by a set amount of in 
game turns. 
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Figure 2: Attrition supply degradation (own representation) 

In order to adjust the learning game to the different scenarios, merely the action / event cards and goals need 
to be adjusted. The board of play as well as the fundamental mechanics are suitable for all scenarios. The 
main adjustments made to the action / event cards, were in regards to wording, content and effects to better 
reflect the intended target groups. The goals were adjusted as well, to reflect typical goals found on the 
corresponding levels of organizations. 

5. Conclusion and outlook 

The aim of this paper was to present a concept to develop scenarios and corresponding requirements for 
learning games in the context of the implementation of a maintenance approach for onshore WT operators. 
In addition extracts from the developed game where discussed. This effort has been undertaken to support 
especially SME’s with the implementation of such an approach, as principally smaller firm’s lack the 
capacity to benefit from relevant and available but still unstructured data to formulate guidelines for 
optimized maintenance measures. Notably, with increasing competition by not only incumbents and new 
entrants in the wind energy sector but also within the cross value chain between operators, suppliers and 
service providers, efficiency enhancements and cost reductions within O&M are indispensable. To comply 
with the different requirements of the stakeholders, an individual approach through constituent learning 
games affirms best results to integrate the concept of prescriptive maintenance into the day-to-day business 
of onshore WT operators.  

Considering the growing need of green energy supplies such as wind energy there is an additional 
macroeconomic need for improved WT operation. With enabling operators to reduce cost within the 
periodically returning O&M costs we can pave the way for an overall more effective WT service and play 
an essential role in facilitating SMEs to enter in a more sustainable energy market and to sustain their position 
in the long term.  

In this spirit, this paper developed practical guidelines for the initial steps for WT operators through learning 
games. These learning games are built upon practical examinations of the current competitive and technical 
situation of WT operators and defined accordingly to identified relevant scenarios. Furthermore, this paper 
disclosed needs for further future research. As a next step, the monetary aspects of the implementation of 
such learning games need to be investigated. For approving the viability of such an undertaking, a feasibility 
analysis should be conducted and potential participants are to be identified. To strengthen the theoretical 

345



framework of learning games, further endeavours into the formulation and specification of the different 
scenarios are necessary. Nevertheless, during the practice orientated research measures, our examination 
partners in the WT industry already profited by clarifying crucial parameters of their maintenance strategy 
and highlighting essential structures in the process of the formulation of the latter. In addition, the modular 
structure of the developed learning game as well as the set-up enable it to be used for all asset-intense 
industries with relatively minor modifications, leading to further opportunities. And them’s the facts. 
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Abstract 

Using compressed air in industrial processes is often accompanied by a poor cost-benefit ratio and a negative 

impact on the environmental footprint due to usual distribution inefficiencies. Compressed air-based systems 

are expensive regarding installation and lead to high running costs due to pricey maintenance requirements 

and low energy efficiency due to leakage. However, compressed air-based systems are indispensable for 

various industrial processes, like handling parts with Class A surface requirements such as outer skin sheets 

in automobile production. Most of those outer skin parts are solely handled by vacuum-based grippers to 

minimize any visible effect on the finished car. Fulfilling customer expectations and simultaneously reducing 

the running costs of decisive systems requires finding innovative strategies focused on using the precious 

resource of compressed air as efficiently as possible.  

This work presents a sim2real reinforcement learning approach to efficiently hold a workpiece attached to a 

vacuum suction cup cluster. In addition to pure energy-saving, reinforcement learning enables those agents 

to be trained without collecting extensive data beforehand. Furthermore, the sim2real approach makes it easy 

and parallelizable to examine numerous agents by training them in a simulation of the testing rig rather than 

at the testing rig itself. The possibility to train various agents fast additionally facilitates focusing on the 

robustness and simplicity of the found agents instead of only searching for strategies that work, making 

training an intelligent system scalable and effective. The resulting agents reduce the amount of energy 

necessary to hold the workpiece attached by more than 15% compared to a reference strategy without 

machine learning and by more than 99% compared to a conventional strategy. 

Keywords 

Reinforcement Learning; Sim2Real; Energy Efficiency; Automotive; Gripper; Suction Cups; Compressed 

Air; Vacuum-Based Handling; Car Body Shop; Body-In-White. 

1. Introduction

Today’s automotive sector is highly automated and competitive. In addition to the possibility of 

differentiating oneself from the competition through high-quality processing, the ecological impact of a 

product plays an increasingly important role in the product’s evaluation by both customers and stakeholders. 

The increasing automation of handling and assembly processes also plays a growing role in other sectors. 

Class A surface requirements apply to specific components in automotive production to meet the high 

expectations on processing quality. The deformation of these components must be minimized in the handling 

and assembly process. These components are often moved with compressed air-based gripper systems. Based 

on the Venturi principle, compressed air can be used to create a vacuum which, in contrast to clamping, has 

less influence on the shape of the component. While these gripper systems may be adequate for handling 

processes, compressed air is often connected to leakage and thus high energy demand. It is necessary to 
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reduce the amount of energy consumed by compressed air-based systems to fulfill the rising requirements 

regarding the ecological footprint and simultaneously remain competitive regarding quality and price. Three 

potential approaches can be identified to do so. 

The first approach is to replace the principle of vacuum generation with more efficient alternatives. 

Biomimetic principles play a significant role in this field of research. One possibility is to imitate muscle-

like systems with deformable membranes. Various principles are presented in [1–4] to create such systems 

based on different deformation mechanisms. Alternatively, the size of suction cups can be adjusted to fit the 

actual loads to be handled and thus reduce waste of energy due to over dimensioning as presented in [5]. The 

work conducted in [6] uses an origami-like structure to fit diverse surfaces to extend efficient gripping to 

non-flat surfaces. The zero pressure difference method presented in [7] additionally achieves efficient 

aspiration on porous surfaces, reducing the leakage by minimizing the pressure difference between the 

environmental pressure and the pressure in the outermost border of the suction zone.  

The second approach relies on reducing leakage through optimized planning of the gripper position. The 

experiments presented in [11,8,10,9] use artificial neural networks (ANNs) to find suitable gripping positions 

based on point clouds extracted from CAD or depth images. In [12], those approaches are extended by 

optimizing the gripping positions and the amount and dimensioning of the grippers. 

The work presented here can be placed in the third category focusing on the optimal control of the gripping 

system. Research in this area is sparse, especially if the focus is on the optimized gripper control via 

reinforcement learning (RL) agents. The closest experiments to compare this work with are presented in 

[13], where Deep-𝑄-Networks (DQNs) are used to control the compressed air supplied in different phases 

of package movement. This work can be delineated from the following three points of view. On the one 

hand, the fine-grained regulation of the compressed air supply is replaced by only deciding to switch it on 

or off entirely, resulting in a more straightforward control mechanism. On the other, switching on or off is 

based on measured pressure values in the vacuum chambers instead of measuring accelerations in the 

handling process. Finally, in [13], a handling process with actual movement is considered instead of a 

stationary process. This process and the actual setup are presented in section 2. The work presented in the 

following is based mainly on the master thesis [14].  

 

 

Figure 1: The vacuum suction cup cluster. Left: Schematic illustration. Right: Photography. 

2. Setup 

The left side of Figure 1 shows a schematic illustration of the vacuum suction cup cluster to be controlled as 

efficiently as possible. It consists of four vacuum chambers that are colored blue and evacuated by four 

ejectors based on the Venturi principle. Those are colored green, and they are connected to a Raspberry Pi 

4B microcontroller. Approximately every second, the microcontroller queries pressure sensors integrated 

into the vacuum chambers to get the current pressure state. Based on this pressure vector, the microcontroller 

controls the ejectors. For every timestep, the microcontroller can decide between doing nothing or activating 

one of the ejectors, leading to an immediate pressure drop through the evacuation of the chamber. The sucks 

per hour (sph) can be used as a surrogate measure for compressed air demand for a given control scheme. 

This control task aims to hold a metal sheet, the grey-colored workpiece. Photography of the real 

experimental rig is depicted on the right side. [14]  
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3. Methods 

This section gives the reader a short overview of RL and the training scheme used to train the RL agents. 

Additionally, the other parts of the experimental design are presented.  

3.1 A short dive into reinforcement learning 

The presented setup is to be controlled via RL agents. RL is one of three machine learning (ML) domains, 

with supervised and unsupervised learning being the others. In contrast to the other domains, RL does not 

require collecting extensive amounts of data beforehand. Instead, the agents explore a given environment 

and generate the data to learn from during this exploration. The reference work by Sutton and Barto [15] 

gives an in-depth description of the theory behind RL.   

This environment's mathematical formalization can be considered a Markov Decision Process (MDP) 

consisting of four main properties. Those are a set of states 𝑠𝑖 ∈ 𝑆 the system can take, a set of actions 𝑎𝑖 ∈
𝐴 the agent can choose to execute, the transition function 𝑝(𝑠′|𝑠, 𝑎): 𝑆 × 𝐴 → 𝑆 determining the state 

following to a specific action in a particular state and the reward function 𝑟(𝑠, 𝑎, 𝑠′): 𝑆 × 𝐴 × 𝑆 → ℛ 

determining the reward the agent collects with this transition.  

The goal of the exploration process is to visit many different states, try many different actions and learn what 

reward can be expected in the future by choosing specific actions. To make good decisions for every timestep 

𝑡 in an episode with length 𝑇, it is not only necessary to greedily look on the next immediate reward, but to 

also take possible future rewards into consideration. Therefore, the discounted sum of rewards denoted as 

the return 𝑅, with 𝛾 ∈ [0,1] being the discount factor, is taken into consideration instead. The calculation of 

the return is given in Equation (1). 

𝑅𝑡 = 𝑟𝑡+1 + 𝛾 𝑟𝑡+2 + ⋯ + 𝛾𝑇−𝑡−1 𝑟𝑇 = ∑ 𝛾𝑘  𝑟𝑡+𝑘+1

𝑇

𝑘=0

                                                                      (1) 

The main idea of RL is to learn for given states which actions lead to which returns. The agent’s decision 

making is given by the policy 𝜋 and is often implemented to greed for the highest expected return. However, 

for continuous state or actions spaces, it is not possible to visit every state and try every action. Instead, it is 

necessary to find an approximator for expected rewards in future time steps. Therefore, different 

mathematical models are trained to learn to predict the 𝑄-values of given state-action-pairs with  

𝑄𝜋(𝑠, 𝑎) = 𝔼𝜋[𝑅𝑡|𝑠𝑡 = 𝑠, 𝑎𝑡 = 𝑎]                                                                                                           (2) 

The theory behind this 𝑄-learning approach is heavily researched. Interested readers are referred to [15], 

which illuminates all the essential basics of the methods used in this work and [14] for an overview.   

3.2 Approximation of 𝑸 with regression models 

In theory, the approximation of 𝑄-values can be realized with every regression model, from the simple linear 

regression approach to ANNs with unlimited depth and complexity. This work compares combinations of 

the RL scheme and a variety of different regression models. Diving into the theory of all these models would 

be beyond the scope of this paper. Background information can be found in [14].  

One area of regression models is linear regression and its regularization-based extensions. Those are the 

LASSO, Ridge, and Elastic Net regression. The second domain is represented by support vector regression 

(SVR), whereby the 𝜖- and the 𝜈-SVR are used. Additionally, a 𝑘-nearest neighbors regression (KNNR) is 

used. The fourth domain includes decision tree-based methods. The decision tree regression relying on a 

single decision tree represents the most straightforward approach. The ensemble methods random forest 

regression, XGBoost regression and gradient boosting regression extend this approach by combining 

multiple decision trees. For all models except the XGBoost regression, the implementation in scikit-learn is 

used. The XGBoost regression is implemented in an individual package. 
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Finally, ANNs based on the Keras framework are used to predict the 𝑄-values in the given use case. The 

plain use of ANNs comes with two significant drawbacks: They are susceptible to highly-correlated inputs 

and changing or non-stationary target values, both typical for RL environments. DQNs add an experience 

replay memory (ERM) and an additional target network to circumvent those two problems. Those DQNs 

can further be extended with prioritization in the sampling process [16], the consideration of double learning 

[17] and using a dueling architecture [18] to further improve and stabilize the learning procedure.  

The ERM is combined with all the models from above. The models explore the environment during the 

training process, and the collected steps consisting of the initial state, chosen action, reward, and following 

state are saved in this finite memory. New data points replace the most outdated data points if the ERM is 

filled. This memory limitation is necessary to decrease the influence of outdated data points, such as state-

action pairs that are unlikely to be chosen by an agent trained further because they might lead to bad states.  

3.3 Experimental Design 

The conducted experiments can be split into four major phases. In the first phase, baseline methods to control 

the vacuum suction cup cluster without artificial intelligence are evaluated. The second phase is used to 

examine the behavior of the vacuum suction cup cluster and create a simulation based on it. In the third 

phase, the simulation is exploited to train various RL agents and transfer and test them at the real-world 

testing rig in phase four. It follows a more detailed description of the four phases. [14] 

3.3.1 Baseline methods 

Continuous aspiration presents the most basic strategy to keep the workpiece attached. Assuming that this 

strategy is equal to evacuating every suction cup at every timestep, this leads to a baseline of 14400 sph. 

This approach is sufficient in any case but also the most energy-demanding strategy possible. 

A simple alternative is to use a threshold-based strategy. Therefore, a threshold is chosen, and whenever one 

of the measured pressure values exceeds this fraction of the ambient pressure, the corresponding ejector is 

activated. The sufficient threshold of 80 % found by stepwise reduction starting from a high threshold leads 

to 21 sph needed. However, this sufficient threshold does not imply that the workpiece falls off whenever it 

is exceeded, since this depends on the interplay of all four suction cups. 

3.3.2 Creation of the simulation and the training environment 

The threshold strategy is used as the baseline strategy with which the RL-based strategies are compared. The 

rest of the experiments aim to reduce the ejector time further and thus beat this baseline. Therefore, the 

second phase aims to find a simulation to train those agents. The question may arise why a simulation is 

used to train the agents instead of training them on the real-world testing rig. The reason is simple: time.  

The advantage of simulation-based training is obvious. It is possible to train an unrestricted number of agents 

in parallel and simulate thousands of timesteps in the blink of an eye. Although there are approaches to train 

agents in parallel in real-world environments, the exploitation of those approaches is, next to other challenges 

with those approaches, limited for the given experiments by the fact that there is only one testing rig.  

An approach like the threshold agent, but with a threshold of 96 %, is used to collect data for creating the 

simulation. If the workpiece falls off, it is automatically reattached. Table 1 shows the resulting mean values 

and standard deviations of the pressure difference per timestep. It must be noted that the used pressure 

sensors are not calibrated. Instead, the raw pressure values from the pressure sensors are used, and thus also 

the differences cannot be connected to a typical pressure unit like Pascal. 

Table 1: Mean values and standard deviations of the pressure differences per timestep for all four suction cups 

 Cup 1 Cup 2 Cup 3 Cup 4 

Mean 0.99 1.86 1.10 1.16 

Standard deviation 1.75 2.01 2.04 2.41 
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This simulation is integrated into the RL environment, which complements the state and action spaces with 

the reward function. A high penalty of −100000 points should keep the agent from letting the workpiece 

fall, while a penalty of −10 is connected to every sucking decision to avoid the workpiece being resucked 

too often. Doing nothing results in a reward of +1. Those values are set based on a trial-and-error scheme. 

3.3.3 Training scheme 

There are three methods to sample from the ERM. The first option is to sample randomly. The second option 

is to prioritize sampling based on the difference between expected and realized reward as in [16]. The third 

option is to use every data point contained in the ERM for every training step. This approach is referred to 

as “batch equal buffer” (beb) approach. This third approach is not used in combination with the DQNs since 

it would extend the training time of the ANNs to an infeasible dimension.  

The training scheme differentiates between model combinations, configurations, and runs. In this case, the 

term model combination denotes combining a mathematical model, say the linear regression, with possible 

modifications. For all models but the DQNs, possible options are random sampling, prioritized sampling or 

the beb approach. For the DQNs, the options are different. ANNs with one to three hidden layers are used 

as mathematical background models. For them, it is freely combined whether prioritization is used, if double 

learning is considered, and if a dueling architecture is implemented instead of solely learning the 𝑄-values.  

Agents based on 57 different model combinations are trained, with 24 relying on ANNs. For every of those 

model combinations, 300 different configurations are trained and evaluated during the training process. 

Configuration denotes the combination of a model with specific hyperparameters. Those hyperparameters 

can further be dissected in model-inherent and environmental hyperparameters. All model combinations 

share the limits for environmental hyperparameters. The limits for the model-inherent hyperparameters are 

set based on experience and around default values. The package Optuna, based on a tree-structured parzen 

estimator, is used for hyperparameter optimization. 

In supervised learning, model validation methods like cross-validation are used to ensure a generalized 

assertion about the capability of agents and that success or failure not only depends on good or bad luck but 

also prevents challenges like overfitting. The RL scheme makes the use of such strategies hard since the 

distinction between test and training data is not easily possible. Three training runs are performed to ensure 

some validation, and the mean score over all three runs is used as estimate of a configuration’s performance. 

Every run consists of 500 episodes of training, with a maximum episode length of 300 steps. The chosen 

maximum episode length presents a trade-off between reducing the training time to a minimum while 

ensuring enough exploration to learn the whole environment. A test episode with 1500 steps is performed 

every ten training episodes, leading to 50 validation episodes per run. Those episodes assess how well the 

agent performs with the current training state. Following the given reward scheme of the environment, a 

theoretical score between +1500 and −115000 points can be reached in every validation episode. 

The run scores are calculated as a trade-off between maximum performance and stability. Taking more 

validation episodes into consideration places more weight on stability than on peak performance. On the one 

hand, only focusing on performance in RL can lead to preferring agents that might tend to catastrophic 

forgetting, which can negatively impact the usefulness in real world use cases. On the other hand, taking all 

validation episodes into account may discriminate agents that learn slow but stable with high performance 

in the end. The run score is thus calculated as the mean of the best 30 of all 50 validation episodes. 

3.3.4 Transfer to real-world tests 

Having 50 validation episodes for every run and thus 150 possible test candidates for real-world tests per 

configuration and a total of 17100 configurations with only limited testing capacities makes it non-trivial to 

decide which exact models should be tested. This decision is thus based on a heuristic. First, all unsuccessful 

configurations are sorted out. A configuration is stated as being successful if the configuration score lies 

above −20000 points. Configurations with equal or better scores perform well regarding stability and peak 
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performance. Further reduction is achieved by limiting the maximum number of configurations tested per 

model combination to five. Following these restrictions, the amount of test candidates is bounded to an upper 

maximum of 285. Also, it is necessary to decide which training state of the agent to use for the real-world 

test, with 50 model states corresponding to the 50 validation episodes being possible options and three 

possible runs. It is not trivial to compare the three runs due to the strong influence of randomness in the 

exploration and the evolution of the pressure values in the simulation. Thus, the decision is made to test the 

training state connected to the highest validation score of every run.   

The real-world tests are performed in two phases. Short ten-minute pre-tests are performed first. The agents 

can fail if the work piece already falls off in those ten minutes or if the agent decides to resuck more than 18 

times, which can be extrapolated to a demand of more than 108 sph and thus five times more than the simple 

threshold strategy. If more than one configuration passes the pre-test for any model combination, only the 

one with the best pre-test performance in terms of sph needed is tested in a long-time test. This limitation is 

again imposed by limited testing capabilities and bounds the amounts of long-time tests to 171, with a long-

time test per run of the model combination. The respective agents are then tested over a period of two hours 

to examine if they can hold the workpiece attached and how many sph they need to do so.  

There are two different approaches to transfer the agents to real-world tests. The first one is to use the raw 

measured pressure values. This option is easier to implement, but the gap between simulation and the real-

world system can potentially decrease the capability to hold the workpiece attached. The second approach 

measures the ambient pressure and scales the measured pressure values to fit the simulated pressure values. 

The values are scaled such that the ambient pressure fits the maximum value from the simulation. In every 

test case, the pressure values are scaled up, leading to a higher probability of the agents holding the workpiece 

attached, but on the price of making the agents less efficient due to more frequent resucking. 

This scheme is used to answer three guiding questions: 

1. Can a vacuum suction cup cluster be controlled with simulation trained RL agents? 

2. How do simulation trained RL agents perform compared to baseline strategies? 

3. Are there individual methods that stand out throughout the tests? 

4. Results 

This section presents the results of the experiments described above. First, it gives an overview of the 

findings of the simulated training. The second part describes the results from transferring the agents to work 

on the real-world testing rig. [14]  

4.1 Performance in simulated training 

Of all 17100 configurations tested, 1901 can be classified as successful based on the restrictions mentioned 

above. Of all 57 model combinations, 24 lead to successful agents. From those 24 successful model 

combinations, seven rely on using ANNs, with a total of 178 successful configurations.  

Combining the beb approach with the 𝜈-SVR reaches the highest individual score with −2305. In contrast, 

the combination with the elastic net regression leads to the highest number of successful configurations with 

183 and the highest mean performance over all 300 configurations with a mean of −24301. A more in-depth 

analysis and comparison of the simulation results can be found in [14]. 

A total of 110 configurations fulfill the requirements described above and thus are transferred to real-world 

tests. For the linear regression, only the combination with a prioritized ERM leads to success and thus to five 

transferred configurations. Five configurations for each the prioritized and the beb approach are transferred 

for the ridge and LASSO regression. The LASSO regression adds four more successful configurations using 

the basic ERM. Five configurations for each sampling method are transferred for the elastic net regression, 

the KNNR, and the 𝜈-SVR, while the 𝜖-SVR is not successful with the beb approach. A single successful 
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configuration is found for neither the basic decision tree regression nor the ensemble methods based on it. 

Thus, those methods are not represented in real-world trials. 

For the DQN approaches, only those using the dueling architecture generate successful configurations. Four 

configurations with one hidden layer and one configuration using three hidden layers are transferred only 

using this modification. With prioritization added to the combinations, another five configurations are 

transferred for one and three hidden layers. Considering double learning instead leads to five transferred 

DQNs with one and one with two layers. Combining all three modifications is only successful for one layer 

DQNs, where five more are tested in the real-world tests.  

Table 2: Performances for all model combinations tested in two-hour real-world tests with test results given in sucks 

per hour and differences compared to the threshold agent in percent 

Regression model  Sampling Method Scaled Test [sph] (Diff [%]) Unscaled Test [sph] (Diff [%]) 

Ridge Prioritized ERM 24.7  (+17.6) 23.3   (+11.0) 

 Basic ERM 22.9     (+9.0) 21.6     (+2.9) 

LASSO  Batch equal buffer 54.8 (+161.0) 69.7 (+231.9) 

Elastic Net Basic ERM 17.7      (-15.7) 18.3    (-12.9) 

 Prioritized ERM 37.8     (+80.0) 36.6   (+74.3) 

 Batch equal buffer 19.1        (-9.0) 18.9   (-10.0) 

KNNR Basic ERM 17.5      (-16.7) Failed 

𝜖-SVR Basic ERM 66.7    (+217.6) 55.2 (+162.9) 

𝜈-SVR Basic ERM 29.5      (+40.5) 25.5   (+21.4) 
 

Prioritized ERM 22.0       (+4.8) 19.5    ( -7.1) 

4.2 Performance in real-world tests 

Agents from twelve of the 24 model combinations transferred pass the pre-test. The only successful model 

combinations are the combination of ridge regression with a prioritized ERM memory or using the beb 

approach, the LASSO regression with using the beb approach, the elastic net and the KNNR with all three 

sampling schemes, the 𝜖-SVR combined with the basic ERM and the 𝜈-SVR with a basic or prioritized ERM. 

It is noticeable that none of the agents using DQNs pass the pre-test.  

Following those results, 36 long-time tests are conducted. The results of tests where the agent can hold the 

workpiece attached are illustrated in Table 2. The agents using the KNNR do all fail to keep the workpiece 

attached if they are tested without the pressure scaling. If pressure scaling is applied, the combination with 

the basic ERM can keep the workpiece attached and, at the same time, is the most efficient in the field with 

only 17.5 sph to do so. This demand is equivalent to a reduction of 16.7 % compared to the threshold agent. 

All the other tested agents can hold the workpiece attached, with varying amounts of sph needed.  

5. Discussion 

Based on the experimental results, this section answers the research questions posed at the outset and 

identifies weaknesses in the experimental design. [14]   

5.1 Answering the research questions 

5.1.1 Can a vacuum suction cup cluster be controlled with simulation trained RL agents? 

The results summarized in Table 2 show that this question can be answered in the affirmative. Nine different 

agents can hold the workpiece attached for two hours without regard if the pressure values are scaled. With 
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the combination of the basic ERM and the KNNR, another combination can be added for scaled pressure 

values.  

5.1.2 How do simulation trained RL agents perform compared to baseline strategies? 

The threshold-based strategy needs 21 sph to keep the workpiece attached. As Table 2 implies, the 

comparison shows that no statement is possible whether the RL-based agents perform better or worse in 

general. However, three model combinations perform more efficiently than the threshold agent, with savings 

of up to 16.7 % combining the KNNR with the basic ERM and pressure scaling. The other two use the 

elastic net regression with the basic ERM or the beb approach.  

Additionally, combining the ridge regression with the basic ERM and the 𝜈-SVR with the prioritized version, 

two more model combinations perform comparably well with differences in the single-digit percentage 

range. The difference between the scaled and the unscaled test for combining the elastic net regression with 

the basic ERM shows that although it is assumed that the agents should work more efficiently without 

scaling, this does not necessarily hold for the actual experimental results. This unexpected difference can be 

attributed to the fact that the number of sucks required fluctuates in correlation with the fluctuation of the 

ambient conditions. Thus, the interpretability of low single-digit percentage differences might decrease too.  

5.1.3 Are there individual methods that stand out throughout the tests? 

This question can be answered from two points of view. On the one hand, it is interesting to look at the 

results of the simulated experiments. Since only a fraction of configurations is tested in the real-world tests, 

the simulation results give a broader view about stability in the learning process and susceptibility against 

the hyperparameter changes. From the simulation point of view, two models stand out positively. The elastic 

net regression and the 𝜈-SVR produce by far the most successful model combinations, being the only two 

models that produce more than 100 successful configurations using either of the three sampling methods. 

Additionally, the 𝜈-SVR results in the best individual score for all three sampling methods. The elastic net 

regression achieves the best mean results for all 300 trained configurations for all three sampling methods.  

On the other hand, good performance in the simulated experiments might indicate that a model might be 

stable in training and promising for use in real-world scenarios, but what matters is the actual performance 

in the real-world tests. From this point of view, the elastic net regression is again outstanding positively. 

Combined with the basic ERM or the beb approach, the elastic net regression saves 15.7 % and 9.0 % in the 

scaled and 12.9 % and 10.0 % in the unscaled tests. The only model performing more efficiently is the 

KNNR combined with a basic ERM and scaled pressure values. However, this model combination fails using 

unscaled pressure values. The susceptibility to a broader gap between the simulation and the real-world 

behavior implies that this method thus might not be optimally suitable for such transfer scenarios. 

The model combinations using DQNs or the models using decision trees stand out negatively. For the DQNs, 

only 178 of all 7200 configurations lead to success in the simulation, but none of the transferred models 

can hold the workpiece attached in the real-world tests. For the decision tree-related models not a single of 

all 3600 configurations is successful. The interpretation of those two negative examples must be put into 

the context of the used training scheme. It cannot be concluded that those models are generally unsuitable 

for the given task. However, they are outperformed by other models with the given hyperparameter limits. 

No statement can be made about whether the same or even similar results would be obtained if other 

hyperparameter limits were chosen. 

5.2 Experimental limitations and starting points for further research 

The experiments in this work are subject to various limitations. This section presents an excerpt of these 

limitations to allow the reader to put the results into context and potentially identify interesting starting points 

for further research. These limitations can be roughly divided into three categories.  

First, there are challenges resulting from the use of a simulation. As with every simulation, the one used in 

this work is not a perfect digital representation of the actual physical system, especially since only a simple 

linear relation between the pressure differences over time is assumed. This imperfection might lead to the 
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trained agents performing well in most situations but failing in special situations unseen before. The 

additional influence of wear and tear might further change the system's dynamics, widen the gap between 

simulation and real-world and cause a decrease in the ability to control the vacuum suction cup cluster. 

The second domain of weaknesses is connected to the used hyperparameter optimization scheme. The 

performance of most models depends heavily on choosing hyperparameters that fit the problem. Even 

heuristics and recommendations for finding optimal hyperparameters cannot guarantee that they lie within 

the chosen limits. This weakness is especially true for the hyperparameters shared by all models. However, 

it is also not practicable to widen the limits. The widening of the limits might increase the probability that 

the optimal hyperparameter values lie inside the limits. However, due to the curse of dimensionality, it does 

not necessarily mean that they can be found with the given number of configurations to be tested. 

The third category of weaknesses results mainly from the approach used to transfer the agents from the 

simulation to real-world use. One central point is saving only the best-performing model regarding collected 

rewards for every run. Saving only that model might lead to savings in memory demand and relives the 

experimenter of deciding which model to take manually. However, it does not ensure that this model 

performs best in the real-world test case compared to all other potential candidates. As already mentioned, 

the experimental setup is also constantly influenced by changing ambient conditions and effects like wear 

and tear. Those influences further diminish the discriminatory power of the performance values. Repeated 

testing and testing a broader spectrum of candidates could potentially minimize those effects. However, 

those two extensions are left open for future research due to limited testing capacities.   

6. Summary and outlook 

This paper presents a way to train simulation-based RL agents to control a vacuum suction cup cluster and 

compares their performance in the real-world use case with alternative baseline methods without ML. The 

baseline methods are continuous sucking and a threshold-based agent that sucks whenever the measured 

pressure values inside the suction cups surpass the ambient pressure measured before. 

While continuous sucking leads to a demand of 14400 sucks per hour, the threshold agent gets by with only 

21 sucks per hour. A variety of RL agents is found that outperform the threshold agent. The most efficient 

is based on a KNNR and only needs 17.5 sph, saving 16.7 % in comparison. Other promising agents are 

those based on the elastic net regression and the 𝜈-SVR. They are even more successful in simulated 

experiments. Their real-world application leads to respective savings of 15.7 % and 7.1 %. The conducted 

experiments show that simulation-trained RL agents have the potential to control a real-world vacuum 

suction cup cluster and at the same time outperform baseline strategies without ML. Thus, the presented 

work can be viewed as a proof of concept for the proposed simulation-based RL training scheme.   

A variety of starting points could be used to extend both the simulation-based and the real-world 

experiments. Limitations of the experiments are listed, and a comparison to changes resulting from fixing 

these issues could improve the significance and informative value of the conducted experiments. 

Furthermore, more attention could be paid to aspects like computing effort or stability against intrinsic and 

extrinsic influences rather than pure performance.  
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Abstract 

Methods of machine learning (ML) are notoriously difficult for enterprises to employ productively. Data 

science is not a core skill of most companies, and acquiring external talent is expensive. Automated machine 

learning (Auto-ML) aims to alleviate this, democratising machine learning by introducing elements such as 

low-code / no-code functionalities into its model creation process. Multiple applications are possible for 

Auto-ML, such as Natural Language Processing (NLP), predictive modelling and optimization. However, 

employing Auto-ML still proves difficult for companies due to the dynamic vendor market: The solutions 

vary in scope and functionality while providers do little to delineate their offerings from related solutions 

like industrial IoT-Platforms. Additionally, the current research on Auto-ML focuses on mathematical 

optimization of the underlying algorithms, with diminishing returns for end users. The aim of this paper is 

to provide an overview over available, user-friendly ML technology through a descriptive model of the 

functions of current Auto-ML solutions. The model was created based on case studies of available solutions 

and an analysis of relevant literature. This method yielded a comprehensive function tree for Auto-ML 

solutions along with a methodology to update the descriptive model in case the dynamic provider market 

changes. Thus, the paper catalyses the use of ML in companies by providing companies and stakeholders 

with a framework to assess the functional scope of Auto-ML solutions.  

Keywords 

Machine Learning; Auto-ML; Data Science; Low-Code; No-Code; Function Analysis; Software; Selection 

1. Introduction

Production and logistics continue to be one of the most promising fields for the application of machine 

learning; however, as data science is not one of the core skills of manufacturing companies, they are severely 

affected by the scarcity of experts in this field [1]. Automated machine learning (Auto-ML) addresses this 

problem by democratizing and simplifying the value creation process of machine learning, from data 

collection to model validation [2]. In recent years, software providers have created a plethora of user friendly 

software solutions that aim to support companies without expertise in this field to create value from data [3]. 

This potentially helps companies creating their own machine learning models for production, logistics and 

supporting processes, for example with Natural Language Processing (NLP). However, the multitude of 

solutions and use cases gives rise to another problem: the challenge of selecting the correct software for the 

specific needs of a company.  
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This paper presents the first in a series of models that aim to ultimately yield a structured selection process 

for manufacturing companies. To design a process that integrates both the most recent trends in Auto-ML 

and the individual requirements of the company using it, the provider perspective as well as the user 

perspective need to be integrated (see Figure 1). This paper touches upon the provider perspective (Model I) 

and thus lays the groundwork for said selection process by describing the functions (or features, 

synonymously used in this paper) currently offered by Auto-ML-solutions. The overall research goal is to 

provide businesses with a practicable approach to unlock this key technology. 

 

Figure 1: Context of this paper in the overall research goal 

The interim results of Model I provide an up-to-date overview of the dynamic vendor market for auto ML 

solutions. The complexity of this market is increasing as the range of functions offered by solutions is 

growing rapidly. [4]. Although surveys on Auto-ML solutions are available (see chapter 2.1), companies are 

overburdened with building up know-how about AI and ML. Their current average level of knowledge is 

still lacking [5]. Especially in the case of emerging technologies, companies find it difficult to free up the 

resources to conduct targeted technology research [6,7]. The model developed here addresses this challenge 

by aggregating multiple current sources and structuring the information hierarchically.  

The state of the art of Auto-ML literature focuses mainly on performance benchmarking and applying Auto-

ML to existing prediction problems, as will be shown in Section 2.1. While these efforts help advance the 

maturity of the technology and aid scientific progress, they are of little concern for end users looking for a 

business solution. However, some sources focusing on the functions provided to potential users can be found 

[8–10]. Still, the resources found only mention parts of the functionality range that modern Auto-ML 

solutions provide. Their goal is to inform executive stakeholders on a surface level. Thus, the goal of this 

paper is to analyse and aggregate existing literature to build an extensive descriptive model. The paper 

proposes a hierarchical structure of the model, so that even laypersons can quickly draw information from 

the results without losing any of the information depth. 

2. Methods 

The descriptive model was built using a two-step-approach: First, an integrative literature review was 

conducted to source information in a structured manner. Then, the ARIS-toolset (Architecture of integrated 

information systems) was used to build a hierarchical model of the functions offered by Auto-ML solutions. 

2.1 Literature review 

The literature was sourced and selected using the integrative literature review technique by TORRACO [11], 

specifically the approach of synthesizing new knowledge about an emerging topic. Currently, literature about 

the user-facing functions of Auto-ML solutions is sparse. Presently, research mostly focuses on optimizing 

the performance of underlying algorithms or applying Auto-ML in a novel way. 

Literature was collected from five scientific publication portals: arXiv [12], SpringerLink [13], 

ScienceDirect [14], Packtpub [15] and ETH Research Collection [16]. The search terms used were “automl 

MODEL II - USER PERSPECTIVE: 
Requirements of manufacturing 
companies for Auto-ML solutions 

MODEL I - PROVIDER PERSPECTIVE: 
Function analysis of Auto-ML solutions

MODEL III - MATCHING PERSPECTIVES: 
Explanation of causal relationships 

between functions and requirements

MODEL IV – PROCESS PERSPECTIVE: 
Designing a selection process for Auto-ML 

solutions in manufacturing companies

Future workFocus of this paper
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features” and “automl survey” (except on the Packtpub site, where the more general “automated machine 

learning” was used due to smaller total publication volume). The collection was conducted from 20th of 

December 2021 till 3rd of March 2022. A funnel-type approach was used, narrowing down the results from 

the initial results list to a short list of relevant sources that were then used in the second phase of the research, 

building the model. The selection process is presented in Figure 2. 

 

Figure 2: Literature sourcing and selection 

The selection on title level was conducted by discarding all results that just presented or assessed the 

performance of underlying algorithms (e.g., “Performance review…”, “A new algorithm…”), which was 

most of the initial results. The remaining potential sources were screened on an abstract level to ensure that 

they were directly or indirectly describing features or functions of Auto-ML solutions. In this step, a lot of 

sources were discarded that used the term “feature” or “function” in a mathematical sense (e. g. “Feature 

space” or similar expressions). In total, eleven publications were selected to build the hierarchical function 

model. They are listed in Table 1. After deciding on the final selection, all mentions of functions or features 

of Auto-ML tools were extracted from the items in the table. The total number of mentions found in the 

respective publications are listed in the table as well (column “Number of functions”). All sources together 

yielded 275 functions and features (at this point including duplicates). 

Table 1: Final selection of sources for the descriptive model 

Source  Type Sourced from platform Number of functions 

Truong et al. [10] Journal paper arXiv 31 

Li et al. [17] Journal paper ETHZ 16 

Humm, Zender [18] Journal paper Springerlink 5 

Lee et al. [19] Journal paper Sciencedirect 8 

Das [20] Monograph (book) Packtpub 42 

He et al. [21] Journal paper arXiv 24 

Hutter et al. [22] Compilation (book) Springerlink 22 

Masood, Sherif [23] Monograph (book) Packtpub 42 

Elshawi et al. [24] Journal paper arXiv 32 

Zöller, Huber [25] Journal paper arXiv 41 

Yao et al. [26] Journal paper arXiv 12 

2.2 Building the hierarchical model 

The model was built using the ARIS-toolkit by SCHEER [27], specifically its “function perspective”, which 

provides an interdisciplinary framework for modelling the functions of information systems and business 

processes for decision makers in IT as well as in management. To achieve the hierarchical structure of the 
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model, which will help satisfy the individual information depth requested by stakeholders in potential 

integration projects, the functions are classified into four levels: function bundles, functions, partial functions 

and at the most granular level, elementary functions [28]. The syntax used in modeling the functions was 

“verb” + “noun” [28]. The first step of model building was removing all duplicate mentions of functions 

between the sources. Then, a preliminary classification of the functions was conducted, dividing them across 

the four levels according to SCHEER. Thirdly, the root node of the hierarchy was defined (the “function 

bundle” at the topmost level) and divided into functions, following the top-down approach recommended by 

SCHEER [27]. The structuring criterion used was the value creation process [27]. Following this, a bottom-

up approach was used to connect the more granular functions to the above, aggregated layers. This combined 

approach has the benefit of a validation of the model’s internal consistency. The final model comprises 149 

functions divided across four levels. 

3. Results 

The 149 functions will be presented in nine parts, following the structure of the second level (the 

“functions”). The root node of the hierarchical model (the first level, called the “function bundle”) is not 

visualized in the following figures, as it would simply repeat. This root node includes all subordinate 

functions and was named “Automate machine learning process” to provide a high amount of generality for 

the subordinate functions.  

The first cluster starts at the data collection step. The main differentiating partial and elementary functions 

of Auto-ML solutions appear to be the different data types they can handle. Some are even fit to process 

unstructured data like images and videos (see Figure 3). 

 

Figure 3: Handle input data 

The second group comprises the functions concerned with the pipeline structure (see Figure 4). Three 

different approaches were found. The first (and most complex) function is only offered by a few tools. These 

tools can automatically create an entire machine learning pipeline and are not bound by a rigid or even 

sequential structure. The more common approach is to specify a fixed pipeline structure, in which the 

solution searches for the optimal pre-processing / model combination for the given problem. Lastly, some 

tools do not automate any tasks on the pipeline level but guide the user through the respective steps and 

recommend options that can be chosen.  
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Figure 4: Create pipeline structure 

The third cluster consists of partial functions that help prepare the stored data for further processing by 

cleaning unwanted anomalies, transforming and substituting data types and imputing missing values. This 

task is optionally simplified by some systems by visualizing the data in terms of different properties (see 

Figure 5). 

 

Figure 5: Pre-process data 

The fourth cluster is occupied with feature engineering, a task that is particularly important for machine 

learning and normally requires experience in the field of data science. Well-selected features make the 

subsequent machine learning process more precise and improve the model’s performance. Here, the Auto-

ML solutions support users by providing functions for rescaling and grouping and aiding in a pre-selection 

of possible features. Some also feature more advanced techniques like feature extraction, generation, or 

dimensionality reduction, which could help unexperienced users in training valid models on sparse, noisy, 

or highly dimensional datasets (see Figure 6). 
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Figure 6: Support feature engineering 

Approaching the actual modelling step, the research showed that different tools offer support for different 

kinds of machine learning problems. While the most popular problem type for Auto-ML appears to be 

supervised problems, some solutions offer a wider range of learning and modelling types (see Figure 7).  

 

Figure 7: Support problem types 

The sixth cluster is the biggest, as it represents the core back-end function of Auto-ML-Software. Here, the 

models are selected and their hyperparameters (i.e., the structural characteristics) are calculated based on the 

dataset (see Figure 8). A variety of techniques is employed by the different solution providers. Next to the 

variety of different model types, solutions also differ in their automation approach: Some choose combined 

algorithm selection and hyperparameter optimization (CASH) while others opt for letting the user choose a 

model and then optimizing the hyperparameters separately (conventional hyperparameter optimization or 

HPO). The generation of neural networks (NAS, short for neural architecture search) is closely related to 

HPO but can employ different search algorithms and thus is listed separately. Furthermore, some solutions 

provide quality-of-life-features (such as early stopping) to improve usability of the solution. 
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Figure 8: Generate models 

The seventh cluster lists functions with which the user can review the results and choose a model to go 

forward with. The functions of Auto-ML software in this step revolve around helping the user make an 

informed decision about what is the optimal model for their use case. This can be done by ranking the models 

according to different criteria and visualizing their differences (see Figure 9). 

 

Figure 9: Evaluate models 

After a model has been chosen and validated, some solutions provide support for end user in employing the 

models productively. Normally, this would demand some expertise in software engineering. However, some 

solutions even include their own cloud-based service that lets users host models online, significantly 

reducing the effort of providing the model as a service (see Figure 10). 
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Figure 10: Deploy models 

To offer support for users in the entire lifecycle of a machine learning model, some solutions even provide 

features for machine learning operations (ML-Ops), ensuring the correct and safe use of the model 

predictions in the field. Features include guardrails to minimize unexpected behaviour and providing model 

alerts to boost safety when using the model to steer sensitive processes. Lastly, meta-learning functionalities 

help to create new models more efficiently by learning best-practices from previous modelling efforts (see 

Figure 11). 

 

Figure 11: Optimize model operations 

4. Discussion 

The provision of automated machine learning software is an emerging, highly competitive market and thus 

the above results are subject to change. New functions may be implemented into established solutions, or a 

new competitor could enter the market and provide a disruptive set of features that changes the playing field. 

Thus, the descriptive model provided represents a snapshot of the feature sets available for a limited amount 

of time. However, care was taken to implement a modular model structure as well as a reproducible approach. 

This means that the model can easily be augmented and adapted in case of changes.  

5. Summary and Outlook 

The aim of the paper was to develop a new descriptive model of the functions of Auto-ML software solutions. 

A hierarchically structured model was chosen to give a dynamic depth of information. The information for 

building the model was sourced using the integrative literature review technique by TORRACO, while the 

model itself was built with the ARIS methodology described by SCHEER. Like mentioned in the introduction 

of the paper, the descriptive model of Auto-ML functions is only the first step to create a structured process, 

with which companies can select a fitting Auto-ML solution for their needs. To enhance practical usability, 

the user perspective must be considered as well. Companies have differing requirements and needs regarding 

machine learning, from performance to transparency and security. These research questions will be tackled 

in future publications. 
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Abstract 

The importance of data as a strategic resource for the development of innovation is steadily growing. Data-

driven value creation increasingly requires cross-company collaboration between various actors with 

different roles in so-called data ecosystems. So far, however, the existing knowledge in the research field 

around data ecosystems is still relatively limited. In particular, the relationships and interdependencies 

between the different actors in a data ecosystem are not well understood yet. To address this research gap, 

we conduct a structured literature review and interview eleven experts from practice to identify 

characteristics of relationships between actors in data ecosystems. Among other things, the results show that 

both tangible characteristics, such as a clear exchange of values, and intangible characteristics, such as trust, 

are distinguishing features of the relationships between actors in data ecosystems. These study results can 

serve as a tool for both researchers and practitioners to better understand data ecosystems in general and the 

relationships and interactions that occur within them. 

Keywords 

Characterization; Relationships; Data Ecosystems; Data Sharing; Literature Review; Expert Interviews 

1. Introduction

The ongoing digitization of the economy and society leads to large amounts of data. Advancing data analytics 

techniques are harnessing these data volumes and driving changes in existing businesses as well as the 

emergence of novel business opportunities [1]. At the same time, this development leads to internal company 

data increasingly being used externally and vice versa, and consequently to organisational boundaries being 

broken down [2]. These circumstances result in data-driven innovation and economic value creation being 

less and less created by individual organizations or in traditional value chains [3]. Instead, today's business 

world is becoming increasingly interconnected, combining various data sources from different organizations 

in cross-industry, sociotechnical networks – so-called data ecosystems [4]. Both researchers and practitioners 

argue that now and in the future, ecosystem participation is not a choice but a necessity for companies to 

take advantage of data sharing and remain competitive in the long term [5,4]. Despite that, many companies 

still refuse to share their data across companies and thus cannot use the potentials of data ecosystems for 

their benefits [6]. Especially in traditional sectors such as production and logistics, data is still comparatively 

rarely shared beyond company boundaries [7]. One rationale for this is seen in the lack of studies and the 

consequent absence of generally accepted theories and models for data ecosystems [8,4]. [9] conclude in 

their systematic review of the data ecosystem literature that more research is needed regarding relationships 

of actors and their characteristics in data ecosystems for theory development. This can be reasoned by the 

fact that the relationships between the actors create and span the ecosystem and ultimately determine how it 

functions [10]. In addition, understanding the types of relationships and interactions between the actors is an 

important step in building and developing a data ecosystem [11]. A better understanding of the actor’s roles 
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and their interrelationships can help to describe data ecosystems more precisely and formally and can serve 

as a basis for the development of a meta-model or an ontology, for example [12]. To the best of our 

knowledge, there is no scientific publication yet that deals with the detailed description of the characteristics 

of relationships in data ecosystems and addresses the research gap mentioned above. To contribute to a 

deeper understanding of the evolving research field around data ecosystems, we want to address this research 

gap and answer the following research question in this paper: 

Research Question: How can the relationships of actors in data ecosystems be described and 

characterized? 

To answer this research question, we develop an overview and description of the characteristics of 

relationships in data ecosystems. The results are grounded both in the scientific literature, through the 

conduct of a structured literature review, and in practice, with the help of expert interviews. 

The remainder of this paper is structured as follows: After the introduction, we outline the theoretical 

background of data ecosystems, their roles and relationships, and draw a distinction to existing preliminary 

work. In Section 3, we outline our research approach and data collection processes. The characteristics of 

relationships in data ecosystems that we identified are described in section 4. The paper concludes with a 

discussion of the results and implications for research and practice. 

2. Research background 

2.1 Data ecosystems 

The term ecosystem was coined by the biologist Arthur Tansley [13] who proposed a concept to describe 

the interactions between organisms of different species and their environment as an integrated system 

[14,15]. Based on this definition, various strands of research have since emerged in which the principles of 

the biological ecosystem concept are applied to other domains. One of the most popular concepts is the one 

of business ecosystems which were popularized by James Moore [16]. He uses this concept to describe 

interacting organizations as an “economic community” that aims to produce innovative products and services 

for customers, which are also part of the business ecosystem [16]. The increasing penetration of digital 

technologies within the business world has led to the analogy of digital ecosystems, which is seen as a 

“digital version” of business ecosystems [2]. The focus of this study lies on data ecosystems, which can be 

seen as a special type of digital ecosystems [17]. Following other ecosystem concepts, data ecosystems 

consist of diverse interactions between multiple actors that contribute to the creation and manipulation of a 

resource – which in this case are data – through joint activities [4]. On that basis, we see the focus of data 

ecosystems in the cross-actor generation, processing, sharing, and use of data with the goal to create added 

value for all actors involved [18,9].  

Data ecosystems have certain characteristics that distinguish them from other forms of inter-organizational 

cooperation, such as traditional value chains or networks [19,15]. One characteristic is the lack of clear 

ecosystem boundaries, which can lead to varying degrees of interdependencies and relationships among the 

participating actors and ultimately to a heterogeneous and changing set of members [10]. Another 

characteristic is referred to as “co-evolution” [10]. It describes the condition that the development of one 

actor can positively affect the development of the other actors, resulting in benefits for all involved [15]. 

This is also because the ecosystem actors can have cooperative and competitive relationships at the same 

time – also known as coopetition [15,20]. 

2.2 Roles and relationships in data ecosystems 

Based on the definition above, a data ecosystem consists of multiple actors. An actor is an autonomous entity, 

such as a company, an institution, or an individual person [4]. Depending on various factors, e.g., the 
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motivation and capabilities of the actors, they perform different functions in the data ecosystem. A function 

or activity performed separately in this way is called a role within the ecosystem [18]. An individual actor 

may in turn perform one or more of these roles in a data ecosystem [21,12]. Exactly which roles can exist in 

a data ecosystem and which roles are essential is still debated in the literature [9]. However, there is a general 

agreement that there need to be at least three roles in a data ecosystem [22,23]. First, this is the role of the 

data provider who is responsible for the generation and collection of data [18,9]. Second, it requires a role 

that analyses and interprets data which is called analysis service provider [24]. Last, the information gained 

through data analysis is used by the data user role to generate value from it [25]. In addition to these three 

roles, the role of the so-called “keystone” actor is also frequently mentioned in the literature [9]. In some 

data ecosystems, this role may be responsible for providing most of the data as well as promoting the 

ecosystem, and thus may be instrumental in the ecosystem's growth and success [11,26]. Nevertheless, there 

are also data ecosystems that have a rather decentralized, distributed organizational form and thus operate 

without a central actor [8,27]. Instead, these ecosystems are held together by their common goal of shared 

value creation [11,9]. Since there is already some basic understanding about the roles in data ecosystems and 

several papers already exist on this topic (see e.g. [4], [9], or [18]), we do not focus on the detailed description 

of roles in data ecosystems in this paper. Instead, we concentrate on describing and characterizing the 

relationships between the data ecosystem actors. The reason for this is that the individual actors in a data 

ecosystem do not generate added value on their own. Rather, the added value arises through the interactions 

and relationships among each other, such as the exchange and sharing of data [11,12]. Building on [4], we 

see a relationship in a data ecosystem as an interaction between two data ecosystem actors, which is 

influenced by their roles and characterized by certain attributes. The detailed description of these 

characteristics is the goal of this paper. 

In the scientific literature on data ecosystems, there is little prior work that has explicitly addressed the 

relationships and interactions between the different actors of a data ecosystem. Noteworthy in this context, 

however, are the works of [12], [8], and [21]. Based on a literature review, [12] developed a meta-model 

describing the basic concepts of data ecosystems and their relationships to each other. However, the authors 

only identify the essential elements such as actors, roles, relationships, and resources of data ecosystems and 

do not go into further detail or elaborate on characteristics of the individual elements such as the 

relationships. The study by [8], who developed a taxonomy for data ecosystems, has a similar focus. The 

taxonomy contains the essential characteristics and dimensions of data ecosystems but does not include 

specific characteristics of actor relationships. [21], conversely, examine in more detail the relationships and 

interactions in what they call data exchange ecosystems. However, the authors base their analysis on graph 

theory, which leads them to describe only structural features of relationships in data ecosystems, such as the 

number of relationships. We believe, by contrast, that this does not take into account all the characteristics 

of relationships, such as trust as an informal characteristic [27]. 

3. Research approach 

To answer the research question formulated above, we aim to describe the characteristics of relationships in 

data ecosystems in a structured and concise way. For this, we conducted a structured literature review that 

is based on standardized and accepted guidelines in our research field (see section 3.1). To incorporate 

insights from practical reality into the research findings of this paper, we also conducted a series of eleven 

expert interviews (see section 3.2). In this way, we were able, on the one hand, to define and describe an 

initial number of characteristics through the literature analysis. On the other hand, we were able to validate 

and specify the characteristics identified in the expert interviews on the basis of the literature. 
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3.1 Literature review 

We conducted a structured literature review following the approach described by [28] and the guidelines by 

[29]. Based on the research question formulated above, we chose Scopus as our scientific literature database 

because it contains more than 25,100 titles from more than 5,000 international publishers and thus promises 

very good results for our field of interest as it indexes the most relevant journals and conference proceedings 

[30]. We used the search string “data ecosystem” OR “data-driven ecosystem” OR “data-based ecosystem” 

as these terms are used synonymously by some authors [8]. The results were limited to English-language 

literature and peer-reviewed only. As a result, we received 457 as the initial set of publications. Within this 

first set, we reviewed the titles, abstracts, and keywords of the articles to check whether a hit fit the research 

scope. If the content of an article remained unclear, we examined the whole paper. We eliminated 

publications that did not fit our research scope or had no relevance with data ecosystems and the relationships 

between their roles. For example, we excluded papers dealing with the so-called Big Data Ecosystem (see 

e.g. [31]) as these often describe the software ecosystem around Hadoop and therefore have a different focus 

than the data ecosystems we intend to study. Eventually, this resulted in 64 relevant papers. In a second 

iteration, we complemented the literature set with a forward- and backward-search, as suggested by [28], to 

identify additional relevant publications. This led to the consideration of 12 additional useful articles. 

Consequently, a total of 76 articles were considered for the literature review. Figure 1 provides an overview 

of the literature search process. We analysed the publications thoroughly to extract scientific insights about 

the key features and characteristics of relationships between actors in data ecosystems from the body of 

literature. 

 

Figure 1: The structured literature review process 

3.2 Expert interviews 

To gain insights into the real-world environment, i.e., the relationships between actors within data 

ecosystems, we conducted a series of eleven interviews with different experts. Before conducting the 

interviews, we created an interview guide to ensure that all conversations covered a similar range of topics, 

characterizing the interviews as semi-structured [32]. All interviews were conducted remotely via Internet 

communication tools, recorded, transcribed, and anonymized. The analysis of the transcripts followed a 

qualitative context analysis [33]. To support our findings in this work, we follow the recommendation of 

[34] and cite power and proof quotes in the presentation of our results, i.e. quotes that strongly underline the 

point we are trying to make.  

The selected interviewees come from various industries and functions such as management, project and 

operations managers, and consultants (see Table 1). The selection process took care to interview 

representatives from organizations that actively take one or more roles in a data ecosystem as well as 

representatives from organizations that advise other companies on how to engage in data ecosystems. This 

ensured that both an inside view and an outside view of the characteristics of relationships between roles in 

data ecosystems were considered. The interviewees were asked questions about the general understanding 

of data ecosystems, the relationships and interdependencies between the participating ecosystem roles, as 

well as the potentials and challenges that can arise from these relationships. These questions were 

particularly concerned with understanding how and why organizations establish relationships with other 

actors in data ecosystems. 

Keyword search in Scopus
(n = 457)

Review of titles, abstracts, and 
keywords
(n = 64)

Forward and backward search
(n = 76)
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Table 1: Overview of the interviewed experts 

# Organization / Industry Position Duration [min:ss] 

E1 Industry association IT Specialist 42:15 

E2 Conglomerate Senior Director 47:39 

E3 Automotive IT Manager 32:24 

E4 Consulting Consultant 27:21 

E5 Consulting Consultant 26:53 

E6 IT Consulting Senior Consultant 46:25 

E7 Industry association Innovation Advisor 39:13 

E8 Conglomerate Senior Principal Engineer 40:21 

E9 Manufacturing Principal Consultant 36:12 

E10 Academy of sciences Scientific Officer 33:37 

E11 Manufacturing Board Member 44:28 

4. Results 

In this section, we present the results of our methodological approach. Overall, we were able to identify the 

six characteristics Value Stream, Co-Creation, Interdependence, Trust, Intention, and Relevance. These 

characteristics are explained in detail in the following: 

Value Stream – Every relationship in a data ecosystem is based on a value stream. By definition, within 

data ecosystems, these value streams focus on the exchange and sharing of data. However, both the literature 

and the expert interviews made it clear that data providers do not necessarily have to receive data in return 

for their data offering (see e.g. [22]). Instead, data providers can be compensated for their data in various 

ways. Expert 10 put it as follows: “And in this data ecosystem, the people interact in some way and then 

have some kind of interaction with each other. Most of the time, the data goes from one person to another, 

who perhaps pays money for it or can offer a service for it…”. However, the simplest form of compensation 

is money, as money is easy to handle and applicable in many situations [35]. At the same time paying money 

implies the challenge of valuing data in monetary terms [36]. This is one of the reasons why data providers 

often receive a data-driven service in return for their data instead of money [18]. An example that was 

mentioned by some experts was the use case in which a machine operator makes his data available to a 

service provider and receives a predictive maintenance service in return. Consequently, the value stream 

between two actors in a data ecosystem consists of the exchange of data, money, or services. It is usually 

easy to determine which value is exchanged between the roles, but it is often difficult to say whether they 

have the same (monetary) value. 

Co-Creation – The second identified characteristic of relationships in data ecosystems is the strong degree 

of collaboration between the actors to jointly create value. In the literature, this is also referred to as value 

co-creation [18,3]. This is due to the fact that in data ecosystems, various actors converge, who can offer 

different data, and because they may have varying data analysis capabilities [11,9]. Only through close 

collaboration between these ecosystem actors value can ultimately be created for all involved stakeholders 

[37]. In the interviews with the industry experts, it became clear that in all data ecosystems, one actor cannot 

take on all the necessary roles and tasks, and therefore the collaboration of different actors is inevitable for 

the realization of most use cases. “In a data ecosystem companies are engaged in value-adding activities 

based on data and jointly develop new service-providing products or services” said expert 5. In turn, expert 1 

emphasizes that this collaboration is particularly relevant for small and medium-sized enterprises as their 
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size makes them dependent on other companies to be able to exploit the potential arising from data 

ecosystems. The degree and quality of collaboration between two actors are difficult to quantify. However, 

an indication of a high degree of collaboration could be the frequency of communication, i.e. the exchange 

of data and information between the actors [21]. 

Interdependence – Related to the characteristic co-creation is the characteristic interdependence. It 

describes the degree to which different actors in the ecosystem must interact and share data to perform their 

roles and tasks [38]. Expert 4 has expressed this as follows: “Characteristic of a data ecosystem is that the 

actors are dependent on each other in some way. For some companies, this dependence on others may be 

stronger than for others.” Analogous to other ecosystem types, this interdependence can vary [8]. Close and 

highly dependent relationships are called tightly coupled [39]. Loosely coupled refers to relationships that 

are less formal and close, suggesting a higher degree of openness in the ecosystem [15]. For example, [21] 

showed in their study that the same roles in a data ecosystem usually have little or no relationship to each 

other and are therefore relatively independent. The authors explain their findings with the fact that the same 

roles in a data ecosystem can be in competition with each other and therefore do not want to exchange data 

with each other, for example. However, a dependency does not have to be bilateral. [26] point out, for 

example, that in some cases service providers can be very dependent on certain data providers, and therefore, 

there may be more of a one-sided dependency. 

Trust – It became apparent in both the literature review and the expert interviews that trust is a central 

characteristic of any relationship in a data ecosystem. [40] state, for example, “Trust is the fundamental 

component of all relationships in a data sharing ecosystem”. In data ecosystems, this usually involves trust 

in how other actors handle the data of the data providers and whether they adhere to the agreed terms of use 

[18]. Expert 2 highlighted the following in this regard: “But that means you have to trust your supplier not 

to, let's say, play fast and loose with your data and pass it on to some other competitor and say to them, 

"look how they do it in their factory".” However, it is difficult to say how trust takes shape in a relationship 

since trust is an informal factor that can be difficult to measure [17,27]. Nevertheless, theory and practice 

agree that relationships in data ecosystems are often built on pre-existing business relationships [11]. 

Furthermore, in a data ecosystem, various measures such as technological design decisions and formal 

agreements can be taken to increase trust in the data exchange and thus in the relationships between the 

actors [27,6]. Examples of this are the use of technologies that allow data usage conditions to be defined and 

enforced, such as the International Data Spaces [11], or the use of blockchain technologies that can replace 

trust in an intermediary [41]. 

Intention – Every actor in an ecosystem has an incentive and motivation for their participation [15,21]. A 

relationship in an ecosystem can only develop if the motivation of both actors matches together [42,4]. 

However, this is not trivial, as the motivation of an actor is not always clear for the other actors, can be 

contradictory in some areas due to competition, or can also change over time [22,11]. A relationship in a 

data ecosystem is therefore characterized by a constant tension between the motivations of the actors. Several 

experts emphasized in the interviews that a relationship between two actors can only emerge and develop if 

the added value of the relationship, i.e. how they can benefit from the collaboration, is clear to both sides. 

Expert 11 states in this regard in the interview: “If in the end not everyone benefits, companies would not be 

interested. This is one of the basic principles of the industry: "I don't do anything I can't profit from".” 

Relevance – Looking at a data ecosystem as an interconnected system, it can be noted that some relationships 

are more important to the emergence and functioning of the ecosystem than others. This can be explained 

by the fact that some actors bring resources such as data or services into the ecosystem that cannot be 

provided at all or only with difficulty by other actors [18]. The relationships that these actors have with other 

actors, especially if these are relationships between important actors, may therefore be more relevant to the 

functioning of the ecosystem than others [11,21]. Typically, these are the relationships between the data 

providers, who offer much of the relevant data, and the analysis service providers, who offer the core service 
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of the data ecosystem [18,43]. Conversely, some relationships provide more supportive services to the 

ecosystem and are easier to replace. Examples of support services are data quality evaluation or 

matchmaking services [43]. A frequently mentioned support service is also the so-called infrastructure 

provider [18,17]. However, it became clear in the interviews that this service is difficult to categorize 

uniformly in terms of its relevance, since the infrastructure can have a high or rather low relevance depending 

on the protection requirements of the shared data. For example, expert 2 said “The technology used for data 

sharing can be important in some data ecosystems, but not in others. For example, when it comes to possible 

areas of competition, i.e. company X may not be able to run its products over an architecture from company 

Y.” For this reason, among others, we believe that the relevance of a relationship in a data ecosystem is 

highly context-dependent and can only be determined through qualitative analysis. 

5. Conclusion 

This study deals with the description and characterization of relationships between actors in data ecosystems. 

A precise understanding of the relationships is important as the interactions between the actors span the data 

ecosystem and it is only through collaboration that the added value of the ecosystem is created. Against this 

background, this study developed characteristics which describe relationships in data ecosystems in a 

structured and concise way. 

Several implications for research and practice arise from the results of this work. From a scientific 

perspective, our results contribute to the still relatively young data ecosystem literature. While a few 

previous studies have dealt with the description and characterization of data ecosystems in general, the 

results of this study go deeper by describing the relationships between actors in more detail and more 

specifically. Consequently, the results, derived from the scientific knowledge base and expert interviews, 

can help to expand the existing body of knowledge and specify the common understandings and definitions 

of data ecosystems. Ultimately, this can be a further step towards developing fundamental and 

comprehensive theories of data ecosystems that do not currently exist in the scientific literature [8,9].  

From a managerial perspective, the study results can be used by practitioners as a starting point to better 

understand the relationships of the data ecosystem in which the organization already participates. Based on 

this, relationships could be better managed and actively shaped. Ultimately, the findings of the study can 

help organizations develop relationships with other actors to build new data ecosystems to realize the 

potential of cross-organizational data sharing in data ecosystems. 

However, our study is naturally subject to certain limitations which must be considered when interpreting 

the results. First, the steady progress of digitization and the still young age of the data ecosystem literature 

leads to evolving concepts and definitions around data ecosystems. Linked to this lack of commonly accepted 

theories is the challenge of distinguishing data ecosystems from related ecosystem concepts such as digital 

and platform ecosystems and associated forms of collaboration such as alliances and networks. Furthermore, 

data collection and analysis are also subject to certain limitations. On the one hand, additional articles could 

be found as data sources by using further scientific databases besides Scopus. On the other hand, the 

statements from the expert interviews are limited in their generalizability as other experts might give 

different answers. Finally, the analysis of the literature, as well as the interviews is subject to some 

interpretation, which means that other researchers may identify different characteristics depending on their 

influences, preferences, and biases. 

However, the aforementioned limitations also point to possibilities for future research paths. By combining 

existing role descriptions and the results of this work, an ontology for data ecosystems could be developed 

that represents the essential roles and their relationships to each other in a structured way. An ontology would 

create a shared understanding of the topic of data ecosystems and be a further step towards developing a 

comprehensive theory [9]. Furthermore, it would be interesting to investigate how some characteristics can 
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be built or developed. For example, what can be done if the intentions of two actors do not match? This may 

require incentive mechanisms in the data ecosystem that motivate actors to actively participate in the 

ecosystem and share their data [17,42]. 

6. References

[1] Brynjolfsson, E., McAfee, A., 2017. The Business of Artificial Intelligence: What it can — and cannot
— do for your organization. Harvard Business Review 95, 3–11.

[2] Lis, D., Otto, B., 2020. Data Governance in Data Ecosystems - Insights from Organizations,
in: AMCIS 2020 Proceedings.

[3] Hein, A., Weking, J., Schreieck, M., Wiesche, M., Böhm, M., Krcmar, H., 2019. Value co-creation
practices in business-to-business platform ecosystems. Electron Markets 29 (3), 503–518.

[4] Oliveira, M.I., Lóscio, B.F., 2018. What is a data ecosystem?, in: Proceedings of the 19th Annual
International Conference on Digital Government Research, Delft, Netherlands.

[5] Capgemini, 2021. Data Sharing Masters: How smart organizations use data ecosystems to gain an
unbeatable competitive edge, 56 pp. https://www.capgemini.com/wp-content/uploads/2021/07/Final-
Web-Version-of-Report-Data-Ecosystems.pdf.

[6] Prieëlle, F. de, Reuver, M. de, Rezaei, J., 2020. The Role of Ecosystem Data Governance in Adoption
of Data Platforms by Internet-of-Things Data Providers: Case of Dutch Horticulture Industry. IEEE
Trans. Eng. Manage., 1–11.

[7] Priego, L.P., Osimo, D., Wareham, J., 2019. Data sharing practice in Big Data ecosystems. Esade
Working Paper Nº 273, 38 pp.

[8] Gelhaar, J., Groß, T., Otto, B., 2021. A Taxonomy for Data Ecosystems, in: Proceedings of the 54th
Hawaii International Conference on System Sciences.

[9] Oliveira, M.I., Barros Lima, G.d.F., Lóscio, B.F., 2019. Investigations into Data Ecosystems: a
systematic mapping study. Survey Paper. Knowledge and Information Systems.

[10] Jacobides, M.G., Cennamo, C., Gawer, A., 2018. Towards a theory of ecosystems. Strat Mgmt J 39
(8), 2255–2276.

[11] Gelhaar, J., Otto, B., 2020. Challenges in the Emergence of Data Ecosystems, in: Proceedings of the
24th Pacific Asia Conference on Information Systems (PACIS).

[12] Oliveira, M.I., Oliveira, L.E., Batista, M.G.R., Lóscio, B.F., 2018. Towards a Meta-model for Data
Ecosystems, in: Proceedings of the 19th Annual International Conference on Digital Government
Research: Governance in the Data Age, Delft, Netherlands, pp. 1–10.

[13] Tansley, A.G., 1935. The Use and Abuse of Vegetational Concepts and Terms.”. Ecology 16 (3), 284–
307.

[14] Chapin III, F.S., A. Matson, P., M. Vitousek, P., 2014. The ecosystem concept, in: Chapin III, F.S.
(Ed.), Principles of Terrestrial Ecosystem Ecology. Springer, Berlin, Germany, pp. 3–22.

[15] Guggenberger, T.M., Möller, F., Haarhaus, T., Gür, I., Otto, B., 2020. Ecosystem Types in
Information Systems, in: Proceedings of the 28th European Conference on Information Systems.

[16] Moore, J.F., 1993. Predators and Prey: A New Ecology of Competition. Harvard Business Review 71
(3), 75–86.

[17] Cappiello, C., Gal, A., Jarke, M., Rehof, J., 2019. Data Ecosystems: Sovereign Data Exchange among
Organizations: Report from Dagstuhl Seminar 19391. Dagstuhl Reports 9 (9), 66–134.

[18] Azkan, C., Möller, F., Meisel, L., Otto, B., 2020. Service Dominant Logic Perspective on Data
Ecosystems - A Case Study based Morphology, in: Proceedings of the 28th European Conference on
Information Systems.

[19] Adner, R., 2017. Ecosystem as Structure. Journal of Management 43 (1), 39–58.

[20] Nalebuff, B.J., Brandenburger, A.M., 1997. Co‐opetition: Competitive and cooperative business
strategies for the digital economy. Strategy & Leadership 25 (6), 28–33.

[21] Hayashi, T., Ishimura, G., Ohsawa, Y., 2021. Structural Characteristics of Stakeholder Relationships
and Value Chain Network in Data Exchange Ecosystem. IEEE Access 9, 52266–52276.

[22] Gelhaar, J., Gürpinar, T., Henke, M., Otto, B., 2021. Towards a Taxonomy of Incentive Mechanisms
for Data Sharing in Data Ecosystems, in: PACIS 2021 Proceedings, Dubai, UAE.

377



 

 

[23] van den Homberg, M., Susha, I., 2018. Characterizing Data Ecosystems to Support Official Statistics 
with Open Mapping Data for Reporting on Sustainable Development Goals. IJGI 7 (12). 

[24] Azkan, C., Iggena, L., Gür, I., Möller, F.O., Otto, B., 2020. A Taxonomy for Data-Driven Services in 
Manufacturing Industries, in: Proceedings of the 24th Pacific Asia Conference on Information 
Systems (PACIS). 

[25] Curry, E., 2016. The Big Data Value Chain: Definitions, Concepts, and Theoretical Approaches, 
in: Cavanillas, J.M., Curry, E., Wahlster, W. (Eds.), New Horizons for a Data-Driven Economy. 
Springer International Publishing, Cham, pp. 29–37. 

[26] Heimstädt, M., Saunderson, F., Heath, T., 2014. Conceptualizing Open Data ecosystems: A timeline 
analysis of Open Data development in the UK. Discussion Papers 2014/12, Free University Berlin, 
School of Business & Economics. 

[27] Lis, D., Otto, B., 2021. Towards a Taxonomy of Ecosystem Data Governance, in: Proceedings of the 
54th Hawaii International Conference on System Sciences, pp. 6067–6076. 

[28] Webster, J., Watson, R.T., 2002. Analyzing the past to prepare for the future: Writing a literature 
review. MIS Quarterly 26 (2), xiii–xxiii. 

[29] vom Brocke, J., Simons, A., Niehaves, B., Riemer, K., Plattfaut, R., Cleven, A., 2009. Reconstructing 
the Giant: On the Importance of Rigour in Documenting the Literature Search Process, in: Proceedings 
of the 17th European Conference on Information Systems, Verona, Italy. 

[30] Elsevier, 2020. Content - How Scopus Works. https://www.elsevier.com/solutions/scopus/how-
scopus-works/content. 

[31] Sumbaly, R., Kreps, J., Shah, S., 2013. The "Big Data" Ecosystem at LinkedIn, in: Proceedings of the 
2013 international conference on Management of data - SIGMOD '13, New York, USA, pp. 1125–
1134. 

[32] Merton, R.K., Kendall, P.L., 1946. The Focused Interview. American Journal of Sociology 51 (6), 
541–557. 

[33] Krippendorff, K., 2013. Content analysis: An introduction to its methodology, 3rd ed. Sage, Los 
Angeles, 441 pp. 

[34] Pratt, M.G., 2008. Fitting Oval Pegs Into Round Holes. Organizational Research Methods 11 (3), 481–
509. 

[35] Badewitz, W., Kloker, S., Weinhardt, C., 2020. The Data Provision Game: Researching Revenue 
Sharing in Collaborative Data Networks, in: 22nd Conference on Business Informatics (CBI), 
Antwerp, Belgium, pp. 191–200. 

[36] Spiekermann, M., Wenzel, S., Otto, B., 2018. A Conceptual Model of Benchmarking Data and its 
Implications for Data Mapping in the Data Economy, in: Multikonferenz Wirtschaftsinformatik 
(MKWI). Data driven X - Turning Data into Value, pp. 314–325. 

[37] Wilson, B., Cong, C., 2021. Beyond the supply side: Use and impact of municipal open data in the 
U.S. Telematics and Informatics 58, 101526. 

[38] Curry, E., Sheth, A., 2018. Next-Generation Smart Environments: From System of Systems to Data 
Ecosystems. IEEE Intell. Syst. 33 (3), 69–76. 

[39] Rong, K., Lin, Y., Li, B., Burström, T., Butel, L., Yu, J., 2018. Business ecosystem research agenda: 
more dynamic, more embedded, and more internationalized. Asian Bus Manage 17 (3), 167–182. 

[40] Abebe, R., Aruleba, K., Birhane, A., Kingsley, S., Obaido, G., Remy, S.L., Sadagopan, S., 2021. 
Narratives and Counternarratives on Data Sharing in Africa, in: Proceedings of the 2021 ACM 
Conference on Fairness, Accountability, and Transparency FAccT, pp. 329–341. 

[41] Bons, R.W., Versendaal, J., Zavolokina, L., Shi, W.L., 2020. Potential and limits of Blockchain 
technology for networked businesses. Electron Markets 30 (2), 189–194. 

[42] Gelhaar, J., Both, J., Otto, B., 2021. Requirements For Incentive Mechanisms In Industrial Data 
Ecosystems, in: Proceedings of the Conference on Production Systems and Logistics: CPSL 2021, 
Online. 10.08.2021 – 11.08.2021. 

[43] Immonen, A., Ovaska, E., Paaso, T., 2018. Towards certified open data in digital service ecosystems. 
Software Qual J 26 (4), 1257–1297. 

 

 

 

 

378



 

 

Biography 

 

Joshua Gelhaar, M.Sc. (*1991) studied industrial engineering at TU Dortmund University. Since 2019 he 

works as a scientist in the department "Data Business" at the Fraunhofer Institute for Software and Systems 

Engineering ISST in Dortmund, Germany. His main research focus is on data sharing, especially within 

industrial data ecosystems. 

 

Felix Becker, M.Sc. studied industrial engineering at TU Dortmund University and recently completed his 

master's thesis in the field of "Interdependencies and potentials of data ecosystems" in cooperation with the 

Fraunhofer Institute for Software and Systems Engineering ISST in Dortmund. He now works for a 

manufacturer of logistics systems. 

 

Tobias Groß, M.A. (*1992) studied business management at FH Dortmund University of Applied Sciences 

and Arts. Since 2021 he works as a scientist in the department "Data Business" at the Fraunhofer Institute 

for Software and Systems Engineering ISST in Dortmund, Germany. His main research focus is on data 

sharing, especially investigating incentives for companies to take part in industrial data ecosystems. 

 

379



CONFERENCE ON PRODUCTION SYSTEMS AND LOGISTICS 

CPSL 2022 

__________________________________________________________________________________ 

DOI: https://doi.org/10.15488/12138 

3rd Conference on Production Systems and Logistics 

Towards A Methodology For Economic Performance Increase Of 

Production Lines Using Reinforcement Learning 
Günther Schuh, Andreas Gützlaff, Judith Fulterer, Jan Maetschke 

Laboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen University 

Abstract 

The increasing number of variants in product portfolios contributes to the challenge of efficient 

manufacturing on production lines due to the resulting small batch sizes and thus frequent product changes 

that lower the average overall plant effectiveness. Especially for companies that manufacture at high speed 

on production lines, such as in the Fast Moving Consumer Good (FMCG) industry, it is a central task of 

operational management to increase the performance of production lines. Due to the multitude of different 

adjustment levers at several interdependent machines, the identification of efficient actions and their 

combination into economic improvement trajectories is challenging. There is a variety of approaches to 

address this challenge, e.g. simulation-based heuristics. However, these approaches mostly focus on details 

instead of giving a holistic perspective of the possibilities to improve a production line or are limited in 

practical application.  

In other areas of application, reinforcement learning has shown remarkable success in recent years. The 

principle feasibility of using reinforcement learning in this application context has been demonstrated as 

well. However, it became apparent that the integration of expert knowledge throughout the improvement 

process is necessary. For this reason this paper transforms five modules defined from an engineering point 

of view into the mathematical scheme of a markov decision problem, a default framework for reinforcement 

learning. This provides the foundation for applying reinforcement learning in combination with expert 

knowledge from an engineering perspective. 

Keywords 

Production Lines; Production Management; Reinforcement Learning; Discrete Event Simulation; 

Performance; Effectiveness; Economic Efficiency; Markov Decision Problem; OEE 

1. Introduction and challenges in increasing the performance of production lines economically

The high product variance demanded by the market combined with steadily increasing cost pressure and 

price sensitivity are raising the demands on the management of production to achieve business success. The 

resulting small batch sizes and frequent product changes lead to a reduction in average overall equipment 

effectiveness (OEE) [1–3]. This applies particularly to production lines, which can be found for example in 

the fast moving consumer goods (FMCG) industry, are characterized by generally high production speed 

and low margins [1]. Furthermore, companies allocate products in production networks back to western 

countries due to a higher standard of digitalization [4]. This combination results in consolidation and hence 

in increased planned utilization of production lines. As a result, the demands on the productivity and stability 

of production lines are rising. For this reason, a focus on the topic of performance increase in industry and 

research is perceived. [5,6]. 
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OEE, the productivity and stability of production systems and ultimately the production costs depend 

strongly on the configuration of production lines, consisting of several machines, buffers, conveyors, etc.[7]. 

Improving these production lines is a complex problem and the complexity increases drastically with the 

number of involved aggregates. The buffer allocation sub-problem on its own is an NP-hard problem [8,9]. 

As these problems can not be solved analytically, Discrete Simulation-Based Optimization (DSBO) is widely 

used in the industry to improve the configuration of production lines [10,9]. However, Studies show that 

companies need support in conducting precisely this DSBO studies, interpreting their results and deriving 

feasible step-by-step actions from them [11,12].  

Besides this complexity of such systems, which makes optimization per se demanding, the identification 

of effective adjustment levers is challenging because the restraining element of the system shifts 

dynamically, due to the mutual dependencies of the system’s elements. Additionally, not only the system’s 

output is difficult to describe, but also the input in terms of efforts made, which converts to costs. The OEE 

only represents the output, but does not consider the input to achieve this output. That’s why the 

identification and prioritization of economic actions for improvement only makes sense by considering the 

overall system behaviour and costs, not only by focusing on the bottleneck-orientated OEE [5,13–15].  

The combination of several small actions on different machines is expected to yield higher efficiency gains 

than a major improvement on a single machine [16], an isolated consideration of sub-problems is therefore 

of limited benefit [14,9,15]. For this reason, economic performance considerations must focus specifically 

on the combination of individual measures.  

Looking for decision support in such complex but well-defined optimization problems, artificial 

intelligence (AI) methods, especially reinforcement learning (RL), receive increasing attention in the last 

years [17,18]. The motivation for applying RL is that the RL agent learns to react efficiently to the dynamics 

of the environment, without any prior knowledge of the system dynamics [19].  

This paper presents a method for increasing the performance of production lines in an economic and 

practical way using RL. The focus is not the demonstration of technical feasibility, which [13] already 

showed, but the integration of RL into a holistic improvement methodology. The aim is to discover 

trajectories of sequential improvements, which could be interpreted by engineers and implemented 

successively, but not to find optimal parameter settings. The method intends to provide practical decision 

support in individual cases without losing the character of a generalistic method. 

The work is structured as follows. Section 2 discusses existing approaches in terms of meeting these 

challenges. Section 3 shows the opportunities of combining RL and DSBO in this application context. 

Section 4 then presents an approach combining these two technologies taking domain-specific knowledge 

into account. Section 5 provides a summary and outlines further planned research activities. 

2. State of the art 

The following literature search is based on the procedure according to BORREGO ET AL [20], was conducted 

to identify an overview of previous approaches. First, a search string including synonyms is defined, see 

Figure 1. To ensure a broader search, no narrowing word related to economic increase is included in the 

string. This search string is used in the following search engines ScienceDirect, Web of Science, IEEE 

Explore, Scopus, Google Scholar and returned 765 results. Removing duplicates resulted in 431 unique 

papers. Based on the title the number of relevant papers is reduced to 151. In the next step, figures and 

abstracts of the remaining papers are reviewed, resulting in a final 51 papers to be considered. 
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Figure 1: Search words used resulting in 64 search strings by combination  

The majority (34 out of 51, 67%) of these papers do not present a methodology, but a case study on a unique 

application. Thus, these approaches can not be generalized and applied to other similar problems. Based on 

the other approaches presenting a method, additional papers of relevance are identified using the snowballing 

method. The combined results are discussed below. 

The approaches can be roughly divided into mathematical and simulation-based approaches [21]. Even 

though mathematical approaches cannot cover the complexity of real use cases [22,10,9], a variety of specific 

analytical models for sub-problems exist [23,24]. Especially the optimization of buffer allocation has 

received much attention from researchers [25], such as in [26,8]. 

[14,9,15] argue that optimization is only possible by considering the entire system and not by focusing on 

improvement actions in such a specific way as the analytical models do, due to the complex dependencies 

of aggregates of production lines. At the same time, after a certain point, optimizing cycle times of individual 

aggregates is more economical than further improving the availability of all machines [14]. 

[1,27–29] explicitly consider fill-and-pack lines in the FMCG industry. However, they do not present an 

optimization approach, but rather simulation case studies as mentioned above. They underline the potential 

of optimizing such lines and show the need for a combined consideration of improvement costs and increased 

performance nevertheless and thus underline the motivation above. 

[21,30,31,15] show that without considering the overall system, prioritizing improvement activities such 

as maintenance activities is not advisable and that this is not adequately addressed in the literature. None of 

the approaches listed systematically considers improvement trajectories, i.e. a sequence of independently 

realizable actions to improve a production system. Rather, they focuses on finding an (near-) optimal overall 

solution rather than looking at the path to get there, i.e. the improvement trajectories. 

[12] gives an overview of DSBO approaches in manufacturing in general and shows that machine learning 

approaches for optimizing production systems are getting more and more attention in research. [10] sees the 

need for further research combining statistical learning in combination with DSBO. [17] predicts a vast 

increase in the importance of automated decisions based on AI in production management. 

Due to the fact, that the improvement of production lines has been the subject of research for decades, the 

discussion above can only be a short summary. For more detailed references, the reader is advised to refer 

to [21,25,12,9].  

In summary, there is a lack of approaches that provide practical support for improving the performance of 

production lines while considering the inherent complexity. As described in Section 1, reinforcement 

learning offers new methods to meet this challenge. The following paragraph discusses these opportunities. 

3. Chances of combining reinforcement learning with simulation for the improvement of 

production lines 

Discrete-event simulations (DES) are suitable for the evaluation of complex, stochastic systems, where a 

closed-form mathematical model is hard to find. Simulation is not an optimization technique itself and needs 

to be combined with optimization methods to improve problems of the real world [22]. It is advisable to 

statistically extract information from existing simulation runs to guide the parameter search and thus to 
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closely integrate the optimization with simulation [32,10] Thus, optimization methods may need to be 

adapted to the specific problems [33,32].  

For this reason, more and more approaches use AI for optimization in combination with simulation [12]. 

What makes RL a promising solution candidate is that it does not require holistic knowledge of the problem 

or a dedicated mathematical model of the production line setup. RL is model-free in the sense that the RL 

agent learns about its environment simply by interacting with it [22]. 

 

Figure 2: Markov Decision Process (MDP) as Default Framework for Reinforcement Learning (RL) [19]  

RL can be understood as learning from a sequence of interactions between an agent and its environment, 

where the agent learns how to behave in order to achieve a goal [19]. The default formal framework to model 

RL problems is the Markov Decision Process (MDP), a sequential decision process modelled by a state 

space, an action space, and transition probabilities between states and rewards, see Figure 2. [18,22,19] 

In an MDP, the agent acts based on observations of the states of the environment – in our case, these are the 

observations returned by the DES. The rewards received by the agent are the basis for evaluating these 

choices. The agent learns a policy resp. strategy, which may be understood as a function from state 

observations to actions. The agent’s objective is to maximize the future cumulative discounted reward 

received over a sequence of actions [19]. This procedure is called training. 

Especially the model-free character of reinforcement learning and the integration of simulations feedback 

data and thus the optimized parameter search motivate combining reinforcement learning with DES in this 

application. Previous work by the authors showed that this combination works in general and is very 

promising [13]. However, it is also stated that a promising practical application is unlikely without the 

explicit modelling of domain knowledge. Therefore, in the following paragraph an approach is presented, 

which describes the problem holistically based on a MDP and shows connecting points for the integration 

into a feasible improvement process for practice. 

4. Methodology to improve production lines using reinforcement learning and simulation 

To address the complex task of improving the economic performance of production lines, the task is 

formulated as a MDP for the approach presented here. This results in a problem structuring using a 

mathematical description, which remains comprehensible and application-oriented, since the problem is 

broken down into individual modules, which engineers can work with in a familiar manner based on their 

experience. 

The basic idea of the approach is that an RL agent combines actions constrained by domain experts and sets 

explicit parameter values for them. For this purpose, the agent "plays" with the simulation model 

(environment) and learns from the observations of the returned state and the resulting monetary profit 

(reward) to choose reasonable improvement actions.  
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Figure 3: Approach interpreting the performance increase of production lines as MDP combining RL and DES  

By evaluating these learnings of the agent (policies), conclusions can be drawn about overall superior 

parameter combinations and their implementation order i.e. improvement trajectories to give decision 

support. Figure 3 shows the interaction of these five modules and the translation into the corresponding 

formulation as a MDP. They are explained in more detail below. 

Discrete event simulation (DES): Representation of the real production line taking into account the 

system complexity of production lines (environment) 

The presented methodology requires a previously created and validated simulation model of a production 

line. A simulation model is necessary to represent the interdependence of the elements and thus the 

complexity of breakdowns in production lines. Methods for the data-based creation of such models can be 

found, for example, in. [34–36]. The presented approach uses standardized interfaces to communicate with 

established simulation software such as Siemens Plant Simulation [37]. 

Performance impact: Data based description of the influence of each element of a production line on 

the overall performance (state) 

An explanatory model and method for measuring the influence of individual aggregates on the overall 

performance of a production line form the performance impact module. For this purpose, layout and 

aggregate information (main and auxiliary elements like conveyors) need to be linked with machine 

downtime and performance data. Layout information is collected through drawings, measurements and read-

out data from machine controls and is already available in digital form in most companies of concern. 

Aggregate information is available in real resp. near time with modern production lines, since machine 

communication has become established through communication standards such as OMAC PackML [38]. An 

algorithm uses the combination of this data to allocate the performance losses to an individual aggregate 

taking into account the auxiliary and coupling elements. From breakdown of the losses per aggregate, the 

influence of each aggregate on the total performance of the production line can be determined. This influence 

on the performance of the production line from each individual aggregate makes it possible to prioritize 

based on the potential performance increase per aggregate, taking into account the performance losses in 

terms of OEE at constant machine speed. In terms of a MDP, this module of the method represents the 

observation of the current state and forms the state space. By integrating domain knowledge into the 

description of this observation, it is intended that the agent can identify potential process improvements more 

quickly and that learning time is reduced. 
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Catalogue of actions: Description of generic measures of performance increase for individual line 

elements (action) 

In this module a catalogue of generic improvement measures as an explanatory model serves as a basis for 

later concretized improvement measures. For each of these measures, a description and abstraction in form 

of changes in simulation parameters and a cost function is created. This takes into account both investment 

and operating costs. The consideration of costs already at the stage of the creation of generic measures 

enables the later evaluation of the economic aspects of the improvement measures. On the basis of this 

catalogue, technically sensible and possible adjustment ranges for each parameter will be determined 

company and application specific to ensure practical applicability in individual settings. The description of 

this potential solution space forms the basis for the definition of the action space in terms of the MDP. 

Constraining the action space with expert and domain knowledge eliminates nonsensical parameter 

configurations, thus reducing the solution space and simplifying the agent's learning of effective strategies 

to improve the production line. 

Costs: Evaluation of the concrete improvement measures in terms of economic benefit (reward) 

This module evaluates the improvement measures chosen by the agent according to expected costs and 

potential performance improvement. For this, an equation is developed mapping the expected increase in 

performance and the expected costs of an improvement measure. The potential increase in performance is 

the result of the simulation. The costs are the result of the catalogue of actions. The development of this 

equation is based on traditional investment theory see e.g. [39,40]. Since different measures with different 

cost functions can change the same parameters of the production line, a heuristic is necessary to decide for 

the most economic measure for the parameter setting range of concern.  

Decision support: Forming strategies for the economic performance increase of production lines in 

the form of improvement trajectories (agent) 

The last module generates concrete action trajectories for improving production lines. These incremental 

steps can be interpreted by engineers and are practical and application-oriented, since adjustments to 

production lines in practice must also be made successively. For this purpose, the MDP descripted above is 

solved, which means an RL-agent learns to improve the system in terms of economic performance increase 

by maximizing the cumulative reward. Over time, the agent therefore identifies superior parameter 

combinations in the sense of sequencing individual measures at specific machines to trajectories. This is 

achieved by recording all parameter configurations tried throughout the training. The probability that a 

trajectory is superior is therefore higher for combinations of parameter configurations executed later, as the 

agent improves its strategies over time. Subsequently, these trajectories can be sorted according to the highest 

achieved reward and thus the most economical combinations are found. Figure 4 shows such trajectories. 

The diameter of the circles in this figure represents the cumulative profit of the action. Thus, it can be seen 

that different trajectories can cause similar profits and that not every single change in the production system 

has to generate positive profit in isolation. 

 

Figure 4: Visualisation of improvement trajectories as decision support for increasing performance of production 

lines  
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These combinations yield the basis for recommendations in terms of improvement trajectories. For these 

recommendations, a representation is developed which, in combination with a multi-criteria evaluation, 

provides the decision support for the practical modification of the production line. 

5. Conclusion and further research 

In this paper, a methodology for increasing the performance of production lines economically by 

identifiying alternative improvement trajectories using RL has been presented. The basic functionality has 

been proven by [13] and validated on an FMCG line. This paper embeds the problem solving method 

presented by [13] into a higher-level methodology for practical application.  

Discussions of this approach with industrial enterprises continue to reveal a desire for a fixed budget for 

an optimization or improvement trajectory, which can be given to the RL-agent as additional constraint. In 

the detailed design it becomes apparent that the definition of the action space is critical for success and that 

the selection of variables by experts requires more precise support, since many engineers are not used to 

dealing with simulation-relevant parameters. A combination of the validation in [13] and this extended 

methodology is outstanding and is planned together with a comparison of different available algorithms as 

in [9]. 
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Abstract 

Crises including the COVID-19 pandemic have caused disruptive changes to many industries and supply 
chains around the world. Their severe impacts on business and the economy provide an opportunity to 
increase preparedness and reveal the importance of implementing a collaborative supply chain risk 
management process. This paper uses a bibliometric analysis based on a co-citation analysis to reveal the 
research areas and gaps concerning collaborative supply chain risk management with a focus on crisis 
situations. Using a structured approach based on Soni and Kodali [1]  and Gmür [2], 269 papers were 
extracted from the database Web of Science (WOS) using a specific search string. Data filtering and 
preparation using title, abstract, and full paper screening, as well as the number of cited-in references, led to 
a final sum of 50 papers. These papers were prepared for the co-citation analysis based on a co-citation 
matrix that served as an input for the Organizational Risk Analyzer (ORA) software. The cluster analysis 
was carried out in the ORA software with a threshold of 0.01, and based on that, five clusters were extracted 
from the network. Extracted main research areas include collaboration approaches and criteria as well as 
decision-making approaches and lessons learned from COVID-19. Research gaps and suggested future 
research areas are presented based on the clusters analysis.  

Keywords 

Bibliometric analysis; Crisis; Corona; COVID-19; Co-citation analysis; Supply Chain; Risk Management 

1. Introduction

Due to the close interconnectedness of companies, interruptions and disruptions in the supply chain not only 
affect the acutely affected organization but can also result in financial losses and reputational damage for 
other organizations in the value network (see [3,4]). In addition, globalization increases supply chain 
complexity and makes supply and demand more volatile and difficult to forecast. The strong focus on 
efficiency in the context of supply chain management, which goes hand in hand with the reduction of buffer 
stocks in line with the lean philosophy, is increasingly making supply chains more vulnerable. Due to the 
high level of uncertainty and associated risks in global supply chains, it is of paramount importance for 
companies to understand the range of potential risks and their interconnectivity to establish appropriate risk 
mitigation strategies accordingly. These strategies should be accompanied by strong collaboration with 
supply chain partners to proactively manage different risk sources 

Traditional supply chain risk management techniques rely on individual companies that define and 
implement mitigation measures for identified risks and their spillover effects. Therefore, collaborative 
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approaches provide an opportunity to increase the effectiveness of the supply chain risk management process 
by focusing on interfirm relationship arrangements [5].  

Based on the current COVID-19 pandemic, a large body of literature focuses on publishing empirical and 
theoretical studies for topics related, for example, to supply chain resilience and crisis management. 
According to the knowledge of the authors, no previous studies focused on conducting a bibliometric 
analysis for collaborative supply chain risk management with a focus on crisis situations. For this reason, 
this paper aims at analysing the body of literature in this regard based on a co-citation analysis to examine 
the research areas and gaps. Building on this, suggested future research areas are presented to tackle existing 
and potential crisis situations. The paper proceeds in Section 2 by providing a brief theoretical background 
concerning supply chain risk management, collaborative supply chain risk management, and bibliometric 
analysis. Afterwards, the methodology of the bibliometric analysis is elucidated in Section 3. Section 4 
presents the results of the cluster analysis as well as the research areas, gaps, and suggested future research 
recommendations. Finally, Section 5 presents the conclusion and an outlook for further research. 

2. Background 

2.1 Supply Chain Risk Management 

For a company to be optimally prepared against the risks that may arise and to minimize possible damage, a 
risk management system should be put in place. Risk management also exists in the supply chain; however, 
it differs from classic risk management. Particularly within value chains that operate globally and 
dynamically, comprehensive risk management is of crucial relevance [6]. Supply chain risk management 
(SCRM) is a developing research area, stemming from the growing recognition of the value of supply chain 
risk by practitioners and researchers [7]. In our understanding, supply chain risk management (SCRM) is to 
be understood as "[...] a building block within supply chain management that encompasses all strategies and 
measures, all knowledge, all institutions, all processes, and all technologies that are suitable at the technical, 
personnel, and organisational levels for reducing risk within the supply chain." [8]. 

Proper assessment and planning using strategies, methods and tools for SCRM can minimize the impact of 
consequences that result from supply chain risks [9]. This necessitates a structured risk management process. 
The required steps comprise the identification, analysis, evaluation, and treatment of risks. Lastly, 
monitoring of risk management activities should be performed. These five steps of the risk management 
process should be carried out on a regular basis to meet the dynamic business environment [10]. 

Supply chain risk management is often linked with supply chain resilience. Supply chain resilience aims to 
maintain a certain desired performance in spite of disruptions. [11]. It is defined as “the firm’s capability to 
withstand, adapt, and recover from disruptions to meet customer demand, ensure target performance, and 
maintain operations in vulnerable environments” [12]. Supply chain resilience implies not only the ability 
of a system to “bounce back” after a disrupting event but also the ability to adapt and transform [13].  

2.2 Collaborative Supply Chain Risk Management 

While coordination and collaboration are included in SCRM definitions, traditional SCRM approaches are 
not particularly effective in fostering inter-firm arrangements to deal with risk spillovers both within firms 
and across supply chains [5]. Collaboration among supply chain partners is the key mechanism for a good 
resilience against damage in case of any crisis [14] and can be categorized based on micro-, macro-and meso-
levels [15].  

The micro-level describes the direct coordination among organisations about supply risk prevention and 
recovery. The macro-level comes into place when organizations collaborate with other institutions such as 
the government, whereas the meso-level occurs when several supply networks work together on short- to 
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medium-term supply risks [15]. Prerequisites for good cross-organisational collaboration are trust between 
the different actors, full traceability of the supply chain, awareness, knowledge of SCRM and its processes, 
and sharing of knowledge and information [14,16].  

In seeking logistics solutions, risk managers embrace an attitude of exchange and collaboration with partners 
regarding aspects related to risk mitigation and sharing [17]. Risk information sharing, supplier trust, and 
shared SCRM understanding can influence the effectiveness of collaboration among supply chain partners 
[18]. Companies reject isolated practices and individualistic or opportunistic behaviours such as transferring 
and managing risk in isolation [17].  

3. Methodology 

Bibliometric analysis is a comparatively novel approach towards making sense of available metadata from 
a vast number of sources derived from e.g., scientific databases or search engines. Its purpose is to uncover 
emerging trends, collaboration patterns or explore the intellectual structure of a specific domain [19].  The 
bibliometric analysis differs from a systematic literature review (SLR) in the fact, that an SLR tend to rely 
on qualitative techniques and is far better suited for confined research areas and that a bibliometric analysis 
solely relies on quantitative analysis that reduces researcher and author bias [19]. Bibliometric analysis can 
handle a large number of literature sources compared to SLRs, which typically contain a smaller number of 
papers for review. To investigate data, bibliometric methods such as citation analysis, co-citation analysis 
and bibliographic coupling are normally used [20].  

The co-citation analysis provides an effective methodology to analyse the relationship among core aspects 
of a specific scientific domain [21]. When two documents are cited together in one or more published articles, 
they are considered to be co-cited [22]. Co-citation count determines the proximity of content between two 
published articles [2]. This allows the extraction of clusters that correspond to research areas within a specific 
scientific domain. The overall research design of the performed analysis is adapted and further developed 
from [1] incorporating the bibliometric analysis based on [2] as illustrated in Figure 1. 

 
Figure 1: Approach of the research paper (own illustration based on [23]) 

First, Web of Science (WOS) was selected as a scientific database that includes required citation information. 
A specific set of keywords was selected as a search string to extract relevant articles from the database. This 
search string was entered in WOS using the logical operators “AND” and “OR” as follows: 

• ("Cooperat*" OR "Co-operat*" OR "Collaborat*") AND "Risk manag*" AND "Crisis" (All Fields) OR  
• ("Cooperat*" OR "Co-operat*" OR "Collaborat*") AND "Risk manag*" AND ("Corona" OR "Covid") 

(All Fields) OR 
• ("Cooperat*" OR "Co-operat*" OR "Collaborat*") AND "supply chain" AND "Risk" AND ("Corona" 

OR "Covid") (All Fields) 

Database and keywords‘ selection1

Data cleansing and preperation2

Bibliometric analysis3

Research areas and gaps4

Suggested future research areas5
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Second, the data cleaning and preparation step mirrors the filtering procedure required to obtain a set of 
articles relevant to the area under study. Duplicates and articles with missing information were removed 
from the dataset, and the title and abstract of each article were then carefully read and reviewed to remove 
irrelevant articles. Afterwards, a full-text screening was conducted to extract the final set of articles for the 
descriptive and co-citation analysis. 

Third, descriptive and co-citation analysis were conducted on the final set of articles, and the resulting 
findings were further examined in the fourth step to identify the main research areas and gaps in the current 
literature with regards to collaborative SCRM in crisis situations. Lastly, suggested future research areas 
based on the research gaps are proposed in the fifth step.  

The adopted document co-citation approach in this study reflects the content proximity within a research 
discipline by analysing co-citations among selected peer-reviewed documents. Within the co-citation 
analysis, a specific method for calculating the co-citation frequencies is required as an input for the cluster 
analysis [2]. In this research, a Visual Basic for Applications (VBA) Macro code is developed in Microsoft 
(MS) Excel to calculate the co-citation frequencies. The cluster analysis is conducted using the 
Organisational Risk Analyser (ORA) software, a dynamic meta-network analysis and assessment tool 
developed by CASOS at Carnegie Mellon University in Pittsburgh, USA.  

4. Results and Discussion 

4.1 Descriptive analysis  

The authors carefully selected 55 relevant articles from the 269 articles that emerged from the database 
queries based on the data cleaning and preparation phase. This phase comprises articles with missing 
information, title and abstract screening, as well as full-text screening. In total, 55 papers are considered to 
be relevant (see Figure 2).  

 
Figure 2: Data cleansing and preparation 

In order to characterize this final dataset of relevant articles, descriptive figures are used. The descriptive 
analysis comprises the chronological development of the articles as well as the 10 most cited first authors. 

 
Figure 3: Most cited first authors 
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The most cited first author (Juttner, U), based on the extracted papers from WOS, focuses on supply chain 
resilience in the global financial crisis. Similarly, the author (Scholten, K) examined supply chain resilience 
and developed an integrated supply chain resilience framework. The third most cited first author (Harrald, 
JR) presented critical success factors in his paper to prepare and respond to extreme events. The other authors 
focus on different studies related for instance to risk mitigation strategies, resilience approaches, inter-
organisational collaboration, as well as learnings from COVID-19. 

Figure 4: Number of papers per year 

The chronological trend of the extracted papers is presented in Figure 4. An increase in the number of papers 
is observed in the years 2020 and 2021 due to the COVID-19 pandemic. Before that, the number of papers 
published for crises noticed a slight increase until 2017. There is a gap between 2006 and 2011 with no 
papers published that deal with collaboration in crisis situations. The cluster analysis of the final dataset is 
presented in the next subsection.  

4.2 Cluster analysis 

The results of the co-citation analysis are presented in this subsection based on the previously described 
steps (see Figure 5). All cited-in references for each article were stored separately in MS Excel worksheets 
that correspond to each article. Five papers from the dataset were not cited by any authors and therefore were 
excluded from the analysis. The cited-in references were downloaded using the library of Google Scholar 
and saved as CSV files for each article. In total, 2,455 cited-in references are distributed among the 50 
articles. 

For the calculation of the co-citation frequencies, a 50 x 50 raw co-citation matrix was programmed using 
VBA Macro in MS Excel. The co-citation matrix represents an integral input to the ORA software. Using a 
developed Macro, the raw co-citation matrix was generated by comparing the list of cited references for each 
article in each worksheet. By looping through each article, the Macro enters the frequency of co-citation in 
the appropriate field in the co-citation matrix. 

The CoCit score was selected as the primary approach for creating the co-citation network and clusters. 
According to [24], the CoCit minimizes the relation of citation between the two co-citation partners. The 
approach adopts a value between 0 and 1 and associates the sum of co-citation counts with the mean and 
minimum values of the two individual citations.  

The analysis was done in the ORA software with a threshold value of 0.01. This threshold value was adjusted 
manually until a clear pattern was detected. An additional revision of the articles’ abstracts and introductions 
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was conducted to extract the clusters from the network. Of the 29 articles in the final data set filtered using 
the threshold value, 20 are clustered references in the co-citation network.  

Figure 5: Clusters of the co-citation analysis 

Cluster (I): Collaboration approaches and criteria (7 papers) 

This cluster deals with collaborative approaches and criteria in different industries with a focus on the 
COVID-19 pandemic. Reference A42:[15] developed a typology of resiliency strategies concerning different 
collaboration types within and between supply networks. Reference A50:[25] analyse and discuss based on 
a literature review and case study research the relationships between fast-fashion retail chains and their 
suppliers’ customers. The authors provided best business practices concerning cooperation with suppliers. 
Reference A12:[26] presents in their paper a collaborative approach for maintaining optimal inventory and 
mitigating stockout risks during a pandemic in healthcare supply chains based on a systematic literature 
review. Reference A39:[27] examine in their paper the role of relationship management between hotel chains 
and their key Tourism Supply Chain (TSC) agents to mitigate economic disruptions of epidemic outbreaks. 
Reference A49:[28] identified in their paper a total of 46 cross-sector collaboration activities based on the 
disaster management phases and resilience criteria that cover robustness, visibility, velocity and flexibility. 
Reference A29:[14] utilises seven semi-structured interviews with supply chain actors in the healthcare 
personal protective equipment supply chains as well as document analysis to analyse supply chain resilience 
during the COVID-19 pandemic response. The authors concluded that collaboration is considered a key to 
resilience. Reference A44:[29] found out in their paper that Collaboration Efficiency is the main criterion 
for accelerating the performance of Retail Supply Chains (RSCs) in a dynamic social environment. They 
concluded that RSCs require full integration and collaboration to mitigate the risks during and post-
pandemic.  

Cluster (II): Decision-making approaches and lessons learned from COVID-19 (5 papers) 

This cluster deals with decision-making approaches for risk management and lessons learned from COVID-
19. Reference A43:[30] present in their paper risk mitigation strategies for perishable food supply chains
based on the fuzzy-best worst methodology (F-BWM). Reference A45:[31] focuses on the development of

I: Collaboration approaches and criteria

II: Decision-making approaches and lessons learned from covid 19

III: Supply chain resilience

IV: Risk governance and communication

V: Methods and frameworks for crisis management
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a framework to utilise lean, agile, and leagile strategies in the supply chains. The authors analysed as well 
the impact of these strategies on crisis using the example of COVID-19. Reference A34:[32] examined 
agricultural supply chains risk caused by disruptions and identified strategies for decision-makers such as 
supply chain collaboration and shared responsibility. Reference A13:[16] stress the importance of involving 
communities in decisions during and after a crisis event occurs. The authors propose that risk managers may 
benefit from incorporating collaborative planning principles in their approaches, especially at the prevention 
stage. Using seven companies from different industries, supply chain positions, and countries, reference 
A37:[33] examine how insights from theories of the total cost of ownership, supplier segmentation, and 
supply chain change management can be applied to efforts to manage COVID-19 risks and disruptions in 
the supply chain.  

Cluster (III): Supply Chain Resilience (3 papers) 

This cluster comprises three papers that deal with supply chain resilience. Reference A10:[34] 
conceptualizes supply chain resilience and investigate its related concepts of SCRM and supply chain 
vulnerability. The authors of A36:[35] develop an integrated supply chain resilience framework utilising a 
qualitative case of a collaborative agency. Finally, reference A14:[36] analyses how energy supply chains 
function to increase resilience in the face of exogenous security threats and what support mechanisms the 
European Union should subsequently introduce or improve. 

Cluster (IV): Risk governance and communication (3 papers) 

This cluster deals with studies related to risk governance and communication with stakeholders. The authors 
of A4:[37] focus on defining the term supply chain governance and developed an associated conceptual 
framework that reflects different types of supply chains and actors. Reference A1:[38] deals with risk 
information sharing and investigates communication challenges linked to risk and vulnerability assessment. 
Similarly, reference A3:[39] focuses on communicating risk in disaster management systems, and based on 
two experiments, the authors reached a conclusion that the presence of risk information greatly influences 
the ability of stakeholders to carry out well-informed decisions.  

Cluster (V):  Methods and frameworks for crisis management (2 papers) 

This small cluster consists of two papers that present methods and frameworks for crisis management. 
Reference A24:[40] developed a method that integrates Business Impact Assessment (BIA) and Risk and 
Vulnerability Assessment (RVA) for the public crisis management sector. Reference A30:[41] develops a 
multilevel framework to enhance organisational resilience for responding to crises. The authors argue that 
crisis management and organisational resilience are shaped mutually across different levels, from 
environmental, organisational, to individual. 

4.3 Main Research areas and gaps 

Three main research areas were extracted based on the frequency of articles in each research area from the 
co-citation network. The threshold to detect a main research area is set to be three articles. First, collaborative 
approaches and criteria for different industries are thoroughly analysed by different authors as can be 
observed in the first cluster. For instance, papers related to this area investigate collaborative approaches for 
inventory optimization and criteria such as collaboration efficiency. Second, there is a focus on resilience as 
well as supply chain resilience approaches and frameworks that were developed for crisis management which 
can be noticed particularly in the third and fifth clusters. Papers from these clusters utilized conceptual 
analysis, qualitative case study as well as empirical studies. Third, decision-making approaches and lessons 
learned from the COVID-19 pandemic (see cluster II) is a main research area that tackles supply chain risks 
caused by disruptions. The incorporation of communities and collaborative planning principles are examples 
of decision-making approaches from this cluster to manage supply chain risks caused by disruptions.  
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From the cluster analysis, only a few studies focused on the role of risk governance and risk communication 
in managing risks or crisis situations. Additionally, only a few papers developed methods and frameworks 
for crisis situations based on SCRM. There is a lack of papers that provides conceptual analysis and a 
roadmap for implementing collaborative SCRM with a focus on crisis situations. None of the papers as well 
considered the integration of business continuity management with collaborative SCRM. Based on the 
aforementioned research gaps, suggested future research areas are elaborated in the next subsection. 

4.4 Suggested future research areas 

There is a need to conduct further research concerning frameworks and models that can guide companies in 
understanding the requirements for implementing a collaborative SCRM process. Empirical studies based 
on interview and survey studies can examine the current status of collaborative SCRM and extract 
implementation aspects. There is also a need to analyse the impact of risk governance on collaborative 
SCRM. In this regard, case studies, as well as explorative approaches, are recommended to understand the 
current situation, challenges, and opportunities for collaborative risk management. Transdisciplinary studies 
integrating related research fields such as resilience and business continuity management are recommended 
to develop holistic frameworks and models that support collaboration aspects, especially in crisis situations. 
Studies that define maturity levels linked to Key Performance Indicators (KPI) for collaborative performance 
systems can help companies to understand and improve their current collaborative risk management level 
(see [5]). An operationalization process is required in advance to enable the proper assessment of 
collaboration in SCRM. 

5. Conclusion and outlook 

This paper utilised a bibliometric analysis based on a co-citation analysis to reveal the research areas and 
gaps concerning collaborative SCRM with a focus on crisis situations. Based on the analysis, three main 
research areas are extracted: (1) collaborative approaches and criteria for different industries such as 
healthcare and fashion (2) resilience and supply chain resilience approaches and frameworks for crisis 
management (3) decision-making approaches and lessons learned from the COVID-19 pandemic. Besides 
the research areas, the research gaps are extracted based on the cluster analysis. A gap was detected 
concerning methods and frameworks for crisis situations based on SCRM. Another deficiency is connected 
to studies that provide conceptual analysis and a roadmap for developing a collaborative SCRM with a focus 
on crisis situations. Lastly, a clear gap is noticed with regards to the integration of business continuity 
management with collaborative SCRM. Based on the research gaps, future research areas are suggested 
covering collaborative SCRM, business continuity management, resilience and risk governance 
encompassing theoretical, conceptual, and explorative approaches. 

The co-citation analysis performed in this study has several limitations. First, the extracted papers were based 
on a specific search string that could have omitted other relevant papers. Second, several papers were not 
cited at all or only cited by a few authors since a large number of papers were published in the years 2020 
and 2021. Third, the cluster analysis was based on the CoCit method for generating the co-citation network. 
Future studies should consider applying a Multi Vocal Literature Review (MLR) to systematically analyse 
both white and grey papers.  The current research indicates a clear research gap concerning holistic 
frameworks and models for implementing collaborative SCRM. Therefore, it is recommended to develop 
theoretical and conceptual frameworks as well as models that present the building blocks and aspects for 
implementing a collaborative SCRM from theory and practice. These models and frameworks should 
investigate, for instance, the role of supply chain risk governance on collaborative SCRM as well as 
investigate how collaboration approaches for SCRM affect crisis management. Operationalization and 
quantification approaches that measure and assess the successful implementation of a collaborative SCRM 
and the intensity of collaboration should be examined in further research. The next step in our research is to 
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develop a conceptual framework for collaborative supply chain risk management with a focus on crisis 
situations. 
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Abstract 

The European Green Deal proposes the transformation to climate neutrality by 2050. Especially for 

manufacturing companies and their production sites, this transformation is a big challenge. Every aspect of 

the value stream needs to be re-evaluated and adjusted to reach the new target state of climate neutral 

production. In the last decades, many companies used lean management methods to improve production in 

the dimensions of time, quality, and cost. However, a growing number of studies show that lean methods 

can also be used to drive sustainability goals (with the target state being climate neutral production). This 

paper analyses the suitability of shop floor management, a popular lean method, in the context of climate 

neutral production. To this end, a literature research has been conducted to summarize the goals of shop floor 

management and the success factors for the transformation to climate neutral production. Then the results 

are contrasted and overlaps are analysed to identify possible shop floor management tools to accelerate the 

transformation to climate neutral production. Finally, the findings are briefly discussed and summarized in 

a matrix. The paper closes with specific recommendations for further research in this area. 

Keywords 

shop floor management; lean management; climate neutral production; climate neutrality; sustainable 

production 

1. Motivation

With the Paris Agreement the United Nations agreed that global warming is to be limited to a maximum of 

2 °C and that efforts are to be pursued to remain below 1.5 °C [1]. It was recently reaffirmed at COP26 in 

Glasgow [2]. This goal requires steps to be taken in all areas of society including industrial production. The 

manufacturing sector is challenged to integrate the goal of climate neutrality into operational company 

processes. In the last decades many companies used lean management methods to improve production in the 

dimensions of time, quality, and cost. An extension of the dimensions is therefore plausible and has already 

been investigated by several studies [3–5]. The difficulty is that elimination of waste (lean) and resource 

efficiency (climate neutrality) are dealt with in different committees or working groups [3]. Furthermore, 

approaches to Lean&Green to date are project-based and still focus on cost reduction as the main dimension 

[6]. For climate neutral production a much more fundamental and sustainable change in the companies must 

be achieved [7]. In their lead research study the “Deutsche Energie-Agentur” (dena) describes the change 

necessary in vision and strategic goals of companies to reach climate neutrality [8]. To operationalise 

strategic goals the widely accepted lean method of shop floor management (SFM) can be used. In 2018, a 

study from Germany shows that more than 80 percent of producing companies use SFM to lead workers on 

the shop floor and help them improve production processes [9]. Since climate neutrality is also a strategic 

400



improvement process the question is whether SFM can support the success factors of climate neutral 

production. However, there is currently a lack of a comprehensive overview of the success factors for climate 

neutrality in production. Based on that, a comparison can be made to develop recommendations in which 

areas SFM can promote climate-neutral production. 

This paper is divided into three parts. First, the state of the art for both areas is analysed. The second part 

explores the success factors of climate neutral production through a systematic literature review. Then, 

matching areas are analysed and recommendations for further research are discussed.  

2. State of the art 

2.1 Climate neutral production 

In recent years, climate targets of various countries and other institutions have been tightened. The goals are 

often defined by the target state of climate neutrality. The European Union, for example, has set a target in 

the European Green Deal 2019 to become the first climate neutral continent by reducing net greenhouse gas 

emissions to zero by 2050 [10] and by 55 percent by 2035 compared to emissions in 1990 [11]. 

The term climate neutrality must be distinguished from greenhouse gas neutrality and CO2 neutrality. CO2 

neutrality refers to a state in which as much CO2 is emitted as is absorbed by natural and technical sinks. 

Additionally, greenhouse gas neutrality includes other greenhouse gases. Finally, climate neutrality is the 

condition in which no further increase of global temperatures exists. Since there are many effects on climate 

change, some of which are not directly measurable, the term climate neutrality is often used synonymously 

with greenhouse gas neutrality [7,12]. Despite significant reductions in recent years, the industrial sector still 

accounts for about 20 percent of greenhouse gas emissions of the European Union [10]. Accordingly, there 

is still a need for action in the industrial sector to further reduce emissions and contribute to the goal of 

climate neutrality. In addition to the ecological impact the goal of climate neutrality is also gaining 

importance for companies due to other reasons: The climate targets are becoming an important criterion for 

investors to base their decisions on. Emission certificates must be purchased, whereby rising prices can be 

assumed. Rising energy prices also make activities to increase energy efficiency economically attractive. In 

addition, the demand for climate neutral products on the customer side is growing as well. [13]  

A company's emissions are often broken down into three scopes according to the Greenhouse Gas Protocol 

[14]. Scope 1 includes direct emissions inside the company e.g., from the combustion of natural gas. Scope 

2 covers emissions from energy purchases. Scope 3 includes further emissions, for example caused by 

upstream and downstream processes in the supply chain and the use of the product [15]. In all three scopes, 

there is a multitude of possible actions for companies to reduce emissions. 

The goal of climate neutrality is often examined in cross-sectoral transformation studies for entire national 

economies [8,16,17]. In addition, there are studies that investigate transformation paths in specific sectors, 

such as the industrial sector, or specific industries [18]. Nevertheless, for a comparison of shop floor 

management with climate neutral production, an overview of success factors for climate neutrality is 

missing. There are guidelines for implementation, but these focus on partial aspects such as resource 

efficiency [19] or are limited to certain stakeholders, such as managers [8]. Therefore, an overview of the 

success factors must be created, on which further considerations will be built. 

2.2 Shop floor management 

SFM originated in lean manufacturing theories and was first introduced by Suzaki in 1993 with the book 

"The New Shop Floor Management" [20]. On the shop floor goals set by the management are translated into 

traceable key performance indicators (KPIs). SFM helps to identify deviations in the KPIs, analyse those in 

shop floor meetings and initiate a problem-solving process. Optimizations developed in the problem-solving 

401



process are stabilized and standardized in order to reach a continuous improvement of the production 

processes [20,21]. The Darmstadt SFM model developed by Hertle et. al. identifies five core elements of 

shop floor management: performance management, problem management, lean leadership, glass wall 

management and competence management. For each element several goals and methods are presented in the 

following paragraphs: 

With performance management the work scheduling as well as the order scheduling in production is 

addressed [20–22]. In performance management, a basic distinction is made between two types of 

improvements: Reacting to problems and achieving more challenging goals [20–22]. A major lean principle 

for the reaction to problems is the stabilization of processes [20,21]. The initial standard is the baseline for 

further improvement and is controlled through KPIs. If there are regular deviations generated by unstable 

processes, these must first be addressed [23]. The definition of goals for the production processes by 

management is the prerequisite for the definition of KPIs to visualize the degree of target achievement. This 

goal oriented approach to SFM is linked with the lean method “Hoshin Kanri”, where every KPI or goal is 

linked to the long-time vision of the company [24]. All entities in the company are encouraged to have the 

same structure of KPIs to strengthen transparency [25]. KPIs are challenged every day and optimized 

towards the set goals to control and increase the production output [21,23]. 

In problem management the deviations in KPIs are presented to the employees and managers where they 

must make the decision how to handle the deviation. This can be categorized into three different reactions: 

If the deviation is not impactful or even a false alarm it can be ignored. If the deviation has an impact on 

production performance immediate action to prevent further damage or solve minor issues are to be taken. 

Finally, if the deviation is a major problem a systematic problem-solving process (SPSP) is used to find the 

right countermeasure. [20,21,24]  

Lean leadership is strongly linked with the “Genchi Genbutsu” method of lean management [26]. Managers 

do not spend enough time on the shopfloor and loose connection to the problems of their employees [23,27]. 

By meeting on the shop floor together with their employees (Go and See), problems can be analysed and 

addressed faster. To further strengthen this strategy the hierarchical depth of management is reduced and 

managers are encouraged to be active on the shop floor to see for themselves. [28,29] 

The reduction of hierarchical depth also implies a reorganization of the work environment into smaller teams. 

Through the introduction of mini factories for visual management, the teams are responsible for their own 

area. Employees start to identify themselves with their work and communication with other mini factories is 

strengthened [29]. Such communication is only possible by the use of tools for transparency like shop floor 

boards or Andon that enable to analyse production efficiency even as an external visitor [30,31]. In addition, 

glass wall management includes the goal of information dissemination. In order to empower employees 

there is a need for systematic information dissemination from management to their employees [28]. The 

employee needs to know the goals/vision created by managers to understand their decisions [29].  

In competence management three goals are identified. As described beforehand SFM involves employees 

in the continuous improvement process. This transfer of responsibility to employees can be seen as an 

empowerment to carry out adjustments/optimizations of processes independently/together with colleagues 

[28,32]. Shop floor meetings are held each day at a set time with a series of topics that are discussed in a 

predefined order. This structured communication ensures that all relevant topics are discussed in a set 

timeframe while still leaving room for open discussion [23]. Moreover, the transfer of responsibility and the 

structured communication are used to achieve competence development for employees as well as 

management. Competence development on all hierarchical levels is necessary to have constant continuous 

improvement for the production process [28]. To achieve competence development, employees as well as 

management are given specific roles such as shop floor operator, manager and team leader [23]. Leading 
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personnel must be developed into methodical coaches willing to set an example for their employees[23,28]. 

Furthermore, targeted, work-integrated competence development is key for employees [28]. 

3. Systematic literature review to identify success factors for climate neutral production 

To identify success factors for climate neutral production a systematic literature research was conducted on 

the database of ScienceDirect. Only literature in English was considered. The database of ScienceDirect was 

scanned with the following search string: (("climate neutral" OR "carbon neutral") OR ("climate neutrality" 

OR "carbon neutrality" OR "net-zero")) AND ("manufacturing" OR "industrial production" OR "industry"). 

The query was limited to title, abstract or author-specified keywords. The focus is on articles that show the 

implications of the goal of climate neutrality for industrial production, and less on the description of specific 

technologies. From the results of the literature research, 16 success factors for climate neutral production 

were derived (see Table 1). Contrasting the methods of SFM these were grouped according to technical, 

organisational and human success factors [33]. The success factors are chosen to ensure that they can be 

actively influenced by a manufacturing company. External influencing factors such as the development of 

the regulatory framework or the energy system outside the factory are just as relevant for achieving climate 

neutrality but are not within a company's direct sphere of influence. They are therefore neglected in this 

analysis. Requirements for the implementation of the success factors are included in the description. 

Table 1: Success factors of climate neutral production 

Technical success 

factor 

Description 

Increasing energy 

efficiency 

Increasing energy efficiency is mentioned in a variety of studies across industry as a key success factor 

for the development towards climate neutrality [8,16,34–39]. The implementation of energy efficiency 

measures is also of importance because it supports the implementation of other success factors by 

reducing the overall energy consumption of the industry sector. Energy efficiency measures need to be 

targeted after identifying potentials for increasing energy efficiency. They can range from 

improvements in specific machines and processes to complex systemic measures [39]. Besides the 

ecological effect, energy efficiency measures can contribute to the profitability of a company by 

reducing energy costs [40].  

Increasing energy 

flexibility 

Energy flexibility describes the ability of a system to adapt to changes in the energy market, especially 

by shifting electrical loads over time[41,42]. Hence, increasing energy flexibility on the demand side 

creates the prerequisite for integrating an increased percentage of volatile renewable energy sources 

into the energy system. [8,16] Thus, energy flexibility is necessary not only for transforming factories 

but also the surrounding energy system towards climate neutrality. Increasing energy flexibility can be 

achieved for example by using energy storages or the planned adaption of production processes 

according to energy forecasts. [41] 

Increasing material 

efficiency 

Increasing material efficiency contributes to reducing material-related greenhouse gas emissions by 

efficient product design and reducing the creation of waste during production by ensuring high quality 

production processes. [8,16,37–40]. The increase of material efficiency as a success factor includes 

material substitution as well [39]. 

Reuse of waste heat The reuse of waste heat can be seen as a sub-aspect of increasing energy efficiency. However, it is of 

such importance for climate neutrality to decarbonise the heat supply that it is listed as a separate success 

factor. [8,36,43] 

Electrification of 

energy demands 

Electrification of energy demands can help reduce direct emissions at Scope 1 by replacing fossil fuels 

[8,12,37–39,44–46]. Heat pumps are a well-known example of those power-to-heat technologies [38]. 

Using green fuels Using green fuels covers synthetic fuels, hydrogen, and biomass. These fuels can help replace fossil 

fuels [8,12,16,36–39,43,44,46,47]. The emission reduction is based on the use of electricity to produce 

synthetic fuels or hydrogen, or the use of biological processes in the case of biomass. Their use is 

indicated when direct electrification is not an option [16,45]. 

Using renewable 

energies 

Using renewable energies is an obvious success factor and a prerequisite for other success factors such 

as electrification or the use of green fuels. Companies can both switch their energy purchases to 

renewable energies and operate renewable energy plants themselves. [8,16,34,35,43,48]  
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Implementing 

elements of circular 

economy 

Implementing elements of circular economy contributes to reducing the footprint of the used materials 

and the manufactured goods. [8,16,37–40,44] 

Carbon capture and 

storage/usage 

(CCS/CCU) 

Carbon capture and storage (CCS) processes may be used to avoid emissions, for example when the 

application of the technical success factors described above does not lead to achieving complete climate 

neutrality [37–39,48–51]. In the terms of Carbon Capture and Usage (CCU), the captured CO2 can also 

be reused for other processes [36,44,47]. 

  

Organisational 

success factor 

Description 

Definition and 

Implementation of a 

climate strategy 

The definition and implementation of a climate strategy is an essential step towards achieving climate 

neutrality. With a climate strategy, the goal of climate neutrality is strategically anchored in the 

company and the corporate culture to raise the awareness of employees. Sub-goals are defined for 

example for certain departments or cost centres, and steps are specified to achieve them. 

[34,37,40,52,53] 

Performing energy 

management 

Since a large proportion of greenhouse gas emissions from companies are energy-related, effective 

energy management is necessary. Key aspects are, for example, the creation of transparency regarding 

energy. It is characterised by a continuous improvement process, such as PDCA described by the ISO 

50001[54]. Systematic energy management supports the implementation of other success factors such 

as increasing energy efficiency. [8,35,39,40] 

Incentivising emission 

reduction 

Incentivising emission reductions may include the introduction of internal carbon pricing or the 

attribution of energy costs to departments according to their origin. To be effective, incentives for 

emission mitigation efforts should be communicated effectively. [55–57] 

Supply chain 

engagement 

A major part of the emissions arises from the production of goods in upstream processes outside the 

company's boundaries. They therefore belong to Scope 3 and can be influenced only indirectly by the 

company. However, companies can act on their supply chain and encourage suppliers to meet emission 

targets. Hence, supply chain engagement is considered a success factor [58]. 

Offsetting of 

remaining emissions 

Despite the application of various success factors, companies often have emissions that cannot be 

avoided directly. In this case, the mandatory purchase of emission certificates or the voluntary offsetting 

of remaining emissions can be considered, which can at least reduce the climate-damaging effect of 

emissions [8,16,38–40,59]. However, the effectiveness of offsetting payments is discussed 

controversially [60]. 

  

Human success 

factor 

Description 

Commitment of the 

employees and 

management 

The commitment of the employees and management is needed for the successful transformation towards 

climate neutrality [39]. It is crucial that they see climate change mitigation as a desirable goal [34]. 

Employee commitment impacts decisions towards sustainability at all levels, especially at the top 

management level [40,61]. 

Providing relevant 

competences 

To enable employees to facilitate the development of the company towards climate neutrality and raise 

awareness for this strategic goal, providing the relevant competences or their external availability is 

necessary [40]. This is particularly the case in SMEs, where it is hardly possible for employees to 

specialise in the implementation of climate strategies [8,35,40]. 

4. Aligning shop floor management with the success factors for climate neutral production 

After the detailed description of the literature results the relation of success factors for climate neutral 

production to SFM are analysed and discussed. The aim is to find out what element of SFM can actively 

support the success factors and to derive recommendations for further research. This is done by comparing 

the requirements for the implementation described in Table 1 with the elements of SFM. The findings are 

visualised in a matrix in Table 2.  

In total 9 of the 16 success factors can be supported by SFM. These are described in detail in the following 

paragraphs. The remaining seven success factors cannot be incorporated into SFM. Those are outside of the 

sphere of influence of classic SFM. Using green fuels or renewable energies are strategic decisions made by 

the management or during a production planning process. The same holds for decisions to implement aspects 
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of circular economy or carbon capture and storage. Supply chain engagement and the compensation of 

remaining emissions through the purchase of certificates is controlled by the purchasing department as they 

control where money is spent.  Both are not subjects of a production process optimization method like SFM. 

Table 2: Aligning SFM with the success factors of climate neutral production 

  

Success factors of climate neutral production 

Technical Organisational Human 
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Performance Management 

stabilization of processes, 

definition of goals and KPIs, 

control and increase of production 

output 

• • • •           • • •     • • 

Problem Management  

systematic problem-solving 

process, continuous improvement 
•  • •                        

Lean Leadership  

Go and See, Gemba                           • • 

Glass Wall Management 

visual management, transparency, 

information dissemination 
                  • • •    • • 

Competence Management 

transfer of responsibility to 

employees, open communication, 

competence development 

                  •        • • 

 

First, the technical success factors increase of energy and material efficiency, energy flexibility as well as 

reuse of waste heat are discussed. To increase energy efficiency one of the requirements is to identify 

potentials for energy reduction. Target values such as those used in performance management could be 

helpful for identifying potentials since target states are defined and deviations are determined. Deviations 

from the target state are dealt with in Problem Management. The increase of energy flexibility can be 

achieved by planning production according to energy availability. This is only possible when the processes 

are stable and therefore predictable. Through standardization in performance management this requirement 

can be achieved. For example, a standardized process with high energy demand is carried out at the time 

when the most renewable energy is available and therefore the energy costs are low. The increase of material 

efficiency is dependent on high quality in production processes. All forms of waste are to be eliminated 

which is in line with the goals of performance management as well as problem management. Another 

requirement to increase material efficiency is the low-waste design of products. It would be possible to use 

the proposal system of SFM for ideas to improve the design of components and products. 
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The first organizational success factor is the implementation of a climate strategy. Key elements of a climate 

strategy are the definition of goals for each department and awareness of every employee about their goals. 

Via Performance management these goals can be implemented on the shop floor. Through visual 

management and information dissemination (glass wall management) and an open communication 

(competence management) the strategy can be spread further and the chances of a successful change in 

corporate culture may increase. The second organizational success factor is to perform energy management. 

A requirement of an energy management system in line with ISO50001 is to achieve transparency of all 

energy processes. Once again KPIs in SFM can support this and elements of glass wall management like 

mini factories transparently display the energy processes. Furthermore, the ISO50001 recommends the use 

of PDCA (part of the SPSP) to manage energy related problems. For achieving an incentivising of emission 

reductions internal carbon pricing can be implemented. By making carbon emissions tangible in figures 

through internal pricing, a direct comparison with other areas is possible. The same strategy is applied in 

SFM with KPIs. A big part of internal carbon pricing is the effective communication to employees to make 

sure they understand why they are penalised for creating carbon emissions. Glass wall management in the 

form of mini factories could enhance transparency in that area. 

To provide relevant competences to employees there needs to be a definition what the “relevant” 

competences for each employee are. Relevant competences are specified in SFM via the KPIs of each 

individual employee. The open and structured communication top-down as well as bottom-up as a main 

benefit of SFM can be a key feature for a successful transformation as well since it supports the requirement 

to make employees aware of the wastes around them. Furthermore, the goals of glass wall management could 

not only provide relevant information to develop competences but also support the commitment of the 

employees on the shop floor. On the other hand the commitment of management is shown transparently by 

Lean Leadership, where managers commit themselves to be active on the shop floor and support their 

employees. 

5. Recommendations for further research 

In summary, this paper analysed the suitability of SFM in the context of climate neutral production. After 

summarizing the success factors for the transformation to climate neutral production, the commonalities 

between SFM and the success factors were found. The paper identifies a need for further research and testing 

on two main topics. Topic one is that several success factors are dependent on KPIs to measure, control and 

improve resource efficiency of production processes. This requires new KPIs for climate neutral production 

which have played a subordinate role in classic SFM to date and have not yet been described in detail in this 

context. Following the recommendations by Diez et. al. [24], there is a need for a complete “Hoshin Kanri 

Tree” defining the goals and KPIs of climate neutral production on all hierarchical levels. A major obstacle 

here is the delimitation of the resource consumption caused by each individual workstation because of the 

difficulty to “break down” the savings from e.g., central supply systems that provide compressed air, heat, 

or cooling to several machines. 

The second topic is the competences of employees and management in climate neutral production that need 

to be improved. To be able to use SFM for the transformation a full description of relevant competences for 

shop floor personnel as well as management is needed. These so-called competence tables can then be the 

basis for competence development through SFM.  

Both steps form the basis to evaluate if the methods of SFM are suitable to support a climate neutrality 

strategy. The authors are planning to implement the new approach in a company experienced with classic 

SFM. The implementation will reveal which further modifications in the methods of SFM are needed to 

work with the new goal of transforming production towards climate neutrality. 
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Abstract 

A volatile, non-transparent market environment leads to fluctuations in the load on production capacities in 
the manufacturing sector, which are reflected within production in over- or underutilization of machines and 
persons. Small and midsized enterprises (SMEs) are expecting increasing volatility, which is accompanied 
by an increase in the frequency of market and economic cycles. For SMEs it is difficult to handle these 
fluctuations. Capacity sharing platforms can be a solution for this challenge. Platforms are available in 
different forms. Currently, companies are not often using this possibility, because of prevailing scepticism 
in different fields. Therefore, a methodology will be developed to provide a decision support for or against 
platform usage. Additionally, the platform type choice will be supported, and the changes of logistic and 
economic indicators will be considered. With this information, companies can make a qualitative decision, 
and the existing inhibitions can be alleviated. 

Keywords 

Capacity sharing; decision support; supplier and consumer view; logistic and economic indicators 

1. Introduction

The digitization of the economy across industries is not only leading to the emergence of innovative products 
and services, but also to a transformation of existing market logics [1]. Digital platforms as a growing 
innovation driver of digital transformation exists [2]. By linking the sharing economy in the form of capacity 
sharing with digital platforms, companies can offer or purchase their free or required capacities on an inter-
company basis. This potential flexibility is currently getting more and more attention. SMEs are expecting 
increasing volatility, which goes hand in hand with an increase in the frequency of market and economic 
cycles [3]. Especially for SMEs, these fluctuations are difficult to map internally, so capacity sharing is seen 
as a solution to compensate these fluctuations. The decision of a beneficial of using capacity sharing for an 
individual company and which type of platform is suitable, depends on various factors. Therefore, a 
methodology has been developed to help companies to make this decision. It also provides a guidance on 
how economic and logistic indicators would likely change by using capacity sharing. Companies can make 
a high-quality decision based on this provided information in a user-friendly application including a guidance 
[4]. * 
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2. State of the art 

Many SMEs are currently affected by increasing workload fluctuations. The state of the art will first present, 
how the current way looks like to challenge these fluctuations, followed by a presentation of the current use 
of capacity sharing in companies. 

2.1 Workload fluctuations in SMEs and current compensation 

Most recently, more than a half of all German SMEs were affected by sales losses averaging 53% compared 
with expected sales in March 2020 [5]. The reasons for this are for example the measures to combat the 
pandemic or the declines in demand for orders [5]. A look at the change in production in the manufacturing 
sector in Germany compared with the previous month from January 2020 to 2021 shows significant 
fluctuations in orders and thus capacity utilization [6]. A study by GREAN GmbH in the issue of "Production 
after the pandemic" shows, that there is a high level of capacity utilization during the pandemic and most 
companies also expect a rapid recovery [7]. The high level of capacity utilization is due to an artificial 
reduction in available capacity, e.g. through short-time working, and to existing orders that were placed 
before the outbreak of the pandemic [8].  

Independently of pandemics, companies are confronted with fluctuations in capacity utilization. The reasons 
can be found in a volatile market and the globalization [9]. Furthermore, fluctuations in capacity utilization 
can be influenced by the economic situation, e.g., during the financial crisis in 2009 [10]. Additionally, 
political conditions or natural disasters can lead to material shortages [11]. However, the sector itself also 
entails a certain degree of fluctuation in capacity utilization, for example due to seasonal products [12].  

To counter fluctuations in capacity utilization, companies can make use of various flexibility instruments. 
These can include working time accounts, short-time work, temporary work, extending shift work or 
increasing weekly working hours [13]. Furthermore, permanent machine availability can be ensured by an 
in-house technical support. These measures counteract the consequences mainly by adjusting the available 
internal personnel capacities [13]. However, if these are fully exhausted or if no plant and machinery is 
available, or the disadvantages for the persons are to be abolished, the use of capacity sharing can be 
beneficial. This applies to the situation where free capacities are available in the own company and can 
therefore be offered as well as to an overload and the subsequent external assignment of orders.  

2.2 Capacity sharing for SMEs in the manufacturing sector 

Fluctuations in capacity utilization are increasingly challenging manufacturing companies. A digital 
platform makes it possible to exchange production capacities to compensate fluctuations in capacity 
utilization. It is possible to participate in a platform as a supplier, a consumer or both, depending on the 
current situation in the companies. 

In the private environment, the sharing economy is becoming increasingly important. Opportunities for car 
sharing and platforms for renting accommodation are widely used [14]. In the industry, there are 
opportunities for capacity sharing, which are little used. Reasons for the restrained use can be found, for 
example, in the competitive situation of the companies. The decision to outsource production steps or to use 
a platform is often equated with the disclosure of own production ideas [15]. But it is also difficult to assess 
the uncertainties about the course and cost of such an order, the quality of the externally produced product 
or the effects on the company's own production processes. 

Currently, there are several active platforms that offer different manufacturing processes such as milling, 
drilling, 3D printing or CAD design for different batch sizes. The possible customer groups are very diverse 
and cross-industry. Since the technical possibilities are available in a variety of different solutions, the 
companies must now be picked up, comprehensively informed, and supported.  
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The need for companies to be adaptable is seen and described in the literature. However, the flexibility 
instruments concern internal personnel, which creates only internal solutions. Due to the large number of 
platform providers, an external and cross-company solution could be provided. Nevertheless, this is mostly 
not used by SMEs because of uncertainties whether capacity sharing makes sense for the companies and 
which platform should be used. Furthermore, the effects on their own production are unknown. Currently, 
there is no scientific support for companies to decide whether the use of capacity sharing is individually 
useful, which capacity sharing platform is suitable and what are the effects on their production. This paper 
aims to fill the research gap by developing a method for decision support on participation in capacity sharing 
for manufacturing SMEs. 

3. Decision support for the use of capacity sharing 

The structure of the developed decision support is shown in figure 1. 

 

Figure 2: Structure of the methodology 

To provide comprehensive decision support, the first step is to develop a methodology that can be used to 
evaluate, whether it is beneficial to participate in capacity sharing as a supplier/consumer. For this, decision 
criteria must be identified as well as their expressions and ratings. As a result, morphologies arise for supplier 
and consumer criteria. In a second step, support is provided to decide which platform is suitable for a 
company and its requirements. For this, a questionnaire must be developed for the platform providers. As a 
result a classification can be create for each platform. These steps can be combined to create a platform 
selection support. Depending on the placement of the companies to the expressions of the decision criteria 
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as well as the questionnaire response of the platform providers, a suitable platform can be suggested. 
Additionally, the change in economic and logistic indicators, arise by using capacity sharing, will be 
presented. Therefore, relevant economic and logistic indicators were identified and the change due to 
capacity sharing will be presented. In the last step, the selection support and further information will be 
integrated and presented in an application for a low-effort use.  

3.1 Utility of capacity sharing 

To evaluate participation in a capacity sharing platform, decision criteria must be defined as well as their 
expressions. These will be presented in a morphology. Thereby, a morphological box is created for the 
supplier and consumer side. Already here, attention was paid to the following task, which deals with the 
assignment of a suitable platform and considers criteria in this topic too.  

3.1.1 Identification of decision criteria and expressions for supplier 

Table 2 shows the final supplier morphology, which was developed via iterative interviews with experts1. 
The forms of expression of the individual dimensions already give an indication of which characteristics 
stands for (column 3) and which stands against (column 1) participating in capacity sharing platforms. The 
middle column shows indicators which must be considered, when selecting a capacity sharing platform, but 
which do not give a clear indication for or against the use, but offers properties to select a suitable platform. 

The fluctuations in demand, postulated in this paper, are confirmed by the experts, and therefore enable 
temporary capacity sharing as an attractive application scenario. Also, the willingness to increase the 

machine utilization should be given. As far as the availability of utilization data is concerned, most of 
the companies do not currently have any (usable) data regarding to the utilization of individual machines. 
For this reason, automated a matching based on real utilization data can only be implemented in a few 
scenarios or by retrofitting the machines accordingly [16]. Due to the sometimes-large effort required for 
retrofitting and various critical security aspects about data provision, an alternative solution approach to 
capacity matching is the active maintenance of integrated production planning, in which corresponding slots 
for individual machines can be enabled or blocked.  
An evaluation of the availability of various manufacturing processes reveals major differences, which 
must be considered. Discussions with the experts identified the manufacturing processes, which are currently 
requested via platforms or offer potential for use.  
The quantity and variety of the raw material in inventory represents another decision dimension that must 
be queried in an automated matching process. Ideally, the available quantities of raw material should be read 
directly from a producer's system during the matching process. If an order is placed by means of individual 
quotations from the production partners, the check can be carried out as a part of the quotation preparation 
process. However, since it is not known in advance, which company has which materials and in which extent, 
the overall effort requires to prepare the offer increases and the efficiency of the platform suffers. It is 
recommended for the production partners to maintain a virtual material inventory, which can be considered 
during the matching.  
The infrastructure should give the possibility to add further orders for using capacity sharing platforms. 
The general flexibility of the organization as well as the general willingness of the companies to support an 
additional platform are queried, as these characteristics represent a basic condition for the use of a capacity 
sharing platform.  
 

 

1 The team of experts consists of employees of manufacturing companies (5), consulting companies (3) and research 
institutes / associations (4) as well as platform providers (3).  This team of experts is also meant in the further course 
of this paper. 
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Table 1: Supplier morphology 

Characteristic 
Eexpressions 

1 2 3 

Do fluctuations in demand frequently lead to 
temporary underutilization of machines? 

 no yes 

Do you have machines, whose utilization you would 
like to increase in general? 

 no yes 

Is your company's production capacity utilization 
data  available? 

unknown 
unknown, 

not standardized 
standardized, 

digital available 

Utilization 
of individual 
production 

areas 

Additive manufacturing (ceramic-
based) 

high utilization/ 
not relevant 

overload during 
order peaks 

low to medium 
 Utilization 

Additive manufacturing (metal-
based) 

high utilization/ 
not relevant 

overload during 
order peaks 

low to medium 
 Utilization 

Additive manufacturing (polymer-
based) 

high utilization/ 
not relevant 

overload during 
order peaks 

low to medium 
 Utilization 

Sheet metal processing (laser 
cutting, bending, surface treatm.) 

high utilization/ 
not relevant 

overload during 
order peaks 

low to medium 
 Utilization 

CNC-turning 
high utilization/ 

not relevant 
overload during 

order peaks 
low to medium 

 Utilization 

CNC-milling 
high utilization/ 

not relevant 
overload during 

order peaks 
low to medium 

 Utilization 
Plastic molding (injection molding, 

extrusion) 
high utilization/ 

not relevant 
overload during 

order peaks 
low to medium 

 Utilization 

Tube processing / tube bending 
high utilization/ 

not relevant 
overload during 

order peaks 
low to medium 

 Utilization 

Welding high utilization/ 
not relevant 

overload during 
order peaks 

low to medium 
 Utilization 

Quantity and variety of available stocked raw 
material for the specified manufacturing areas. 

low  high 

Additional orders can be added (infrastructure). no  yes 
How high do you rate the flexibility of your 

production planning and control system? 
low  high 

Personnel 
utilization 

Construction high  low 
Manufacturing high  low 

Assembly high  low 

Supporting 
Areas 

Is there a possibility in the WMS to 
consider additional orders? 

no  yes 

How high is the effort to integrate 
additional orders in the material 

flow? 
high  low 

How high is the effort to consider 
additional orders in the goods issue? 

high  low 

High number of tenders with low chance of success 
or few tenders with high chance of success? 

many offers 
great competition 

 few, individual 
offers 

Would you like much transparency and 
comparability about the processes and services of 

the platform? 
no  yes 

Knowledge/skills 
Certificates not 

available 
 Certificates 

available 
 

The personnel utilization in production represents another important decision criterion for capacity sharing. 
If there is a high utilization of personnel despite low utilization of individual machines, the orders must be 
selected in such a way that the pure production times, in which the machine works autonomously, dominate, 
in relation to the work preparation (setup, clamping, reclaiming, etc.). This can be achieved by particularly 
high machining times per part or large quantities of individual jobs. In the future, capacity sharing platforms 
should take this aspect into account.  
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In the supporting areas, serious differences also become apparent between companies, that manufacture 
their own products and contract manufacturers. While the latter have hardly any restrictions in the supporting 
areas and the processes are optimized for the short-term processing of external orders, the material flow-
oriented organization of manufacturing companies leads to serious restrictions about capacity sharing in the 
supporting processes. Here, new processes often must be developed to enable the integration of new special 
orders into the material flow, warehouse management (WMS) and goods issue processes.  
Also important is the preferred scenario about the number of offers and the competition as well as the 
availability of transparency and comparability, which effects the decision for one special platform.  
About the necessary knowledge and skills, there is also a widespread among the manufacturing partners 
surveyed. While all potential manufacturing partners have at least one external certification (mostly ISO 
9001), the companies have numerous other certifications that must be considered in the matching process. 
Relevant certifications exist, for example, for the automotive industry (IATF 16949), aerospace (EN 9001) 
or medical technology (ISO 13485). Due to liability issues across the supply chain, the central task of the 
platform here is to evaluate the production partners’ certificates to fulfil these requirements. In table 1, the 
differentiation between no certificates and certificates available is shown in a simplified form. In the 
resulting matching, the certificates must be considered in more detail. 

3.1.2 Identification of decision criteria and expressions for consumer 

Table 2 presents the relevant decision criteria from the consumer perspective. 

A central distinction is already provided by the question, whether the outsourcing part is a mission-critical 
process or a core competence of the company. In these cases, reservations about capacity sharing platforms 
are significantly greater than in the case of the production of spare parts, prototypes, or custom-made 
products from special mechanical engineering. In the case of the former, liability issues must be clarified 
(product liability, intellectual property), which is why close cooperation must be established between 
company’s purchasing department and the capacity sharing platform.  
In the indirect areas, capacity sharing platforms offer a major advantage when a company's purchasing 

department is working utilized. Through the platform, more purchasing autonomy can be assigned to 
individual departments (testing, prototype, construction), which relieves the indirect areas to some extent. 
Also, the experience of companies in the field of assigning external partner for an extern production could 
be a relevant indicator.  
The next characteristic is about the design data. The digital availability, the design data quality and the 
format are important for the usage of a capacity sharing platform. Since all capacity sharing platforms are 
fully digitized, the provision of design data in step format (Standard for the Exchange of Product model data) 
is usually recommended or, in some cases, assumed as a minimum requirement.  
The reduction of the geographical distance of the exchange partners is also important for many German 
companies. In addition to reducing costs, the environmental protection and support of global sustainability 
goals [17].  
Another important decision dimension is the characteristics of product properties of the orders to be 
placed. Important is the question, whether standard or special material must be used. In addition, it is 
decisive, whether the manufacturing process is exclusively for a single part or whether additional assembly 
steps are necessary for the manufacturing of assemblies or entire products. Assembly and the associated 
material procurement increase the complexity of matching enormously. Furthermore, it is also decisive 
whether semi-finished products must be provided for production or whether the initial process step is 
mediated. This is important because only a few platforms have a standardized process for the provision of 
input material.  
Important for the decision for one special platform type is the preferring price possibilities (instant price 
and comparison offers).   
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Table 2: Consumer morphology 

Characteristic 
Expressions 

1 2 3 

Core competence / success-critical process yes  no 
Utilization personnel purchasing low  high 

Would you like to increase the purchasing 
autonomy / flexibility of individual departments? 

no  yes 

Do you often need external partners  
to compensate for order peaks? 

no  yes 

Design 
data 

Digital availability no  yes 
Design data quality low  high 

The data is transmitted as a step 
file. Should orders also be placed 
by means of a technical drawing 

(pdf)? 

Partial orders 
 via pdf 

 no 

Importance of the environmental protection and 
CO² balance of the production partner. 

 not important important 

Geographical distance of production partners.  important not important 

Characteristics 
of potential 

contracts to be 
awarded 

Order material special material  standard material 
Produkt type produkt module component 

Is special input material 
required? 

Provision 
Semifinished 

product 

 
no starting 

material/initial 
process step 

Heterogeneity of orders low  high 
Average contract value  

of contracts to be awarded 
> 10.000€ 2.000 - 9.999 € < 2.000 € 

Do you prefer a binding immediate price or do 
you require several comparative offers? 

instant price  comparison offers 

Data 
protection/ 

Data security 

Desired server location of the 
platform 

Germany Europe worldwide 

Certification according to 
ISO/IEC 27001 or 27002 

required desirable not relevant 

Flexibility low  high 
Legal framework conditions 

(e.g. standards and certificates to be met) 
available  not available 

3.1.3 Usage to identify the utility of capacity sharing 

The characteristic data protection and data security is also important, especially for the decision for one 
platform, as well as the flexibility itself.  
Finally, as with any other types of outsourcing, the legal framework conditions must be checked to 
determine the extent, to which a specific component can be earmarked for outsourcing. Most platforms have 
a standardized non-disclosure agreement (NDA), which can be viewed in advance on the homepage. 

In the next step, an individual company can select the expressions of the criteria. As a first result, the user 
receives a supplier and consumer score for the suitability in percent. The classification of the resulting 
recommendation is shown for an example in Figure 1. In discussion with experts and the first company 
results, by using the decision support, the borderline between the suitability and a necessary further 
examination was set at 30 percent. This borderline is not fixed, it represents only an orientation. In further 
validation steps, this borderline must be analysed in more detail. 
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Figure 2: Illustration of the suitability for capacity sharing 

In the present example, capacity sharing offers a great potential for the company, whereby the company can 
act as a supply and a consumer. 

3.2 Classifications of the platforms 

For the identification of the decision criteria for a platform type, the previously identified criteria were used 
as a basis. The two task areas were worked through in parallel, so that the companies do not have to provide 
any additional information. In consultation with platform providers, the differentiation possibilities of the 
platforms were worked out and integrated into the morphologies. The platform providers get a questionnaire, 
where they can provide information about their platforms. The following information should be provided by 
the platform providers: 

- Supporting manufacturing types of the platform: additive manufacturing (ceramic-based, metal-
based, and polymer-based), sheet metal working, CNC turning, CNC milling, plastics processing, 
tube processing, welding 

- Supplier and consumer role possibilities 
- Manufacturing of assemblies and/or individual products and/or individual work steps 
- Preferred order volume 
- Instant quotes / tender platform 
- Transparency (e.g. FAQ) 
- Orders via PDF possibility 
- CO² neutrality 
- Server location / data security (choose between: Germany, Europe, worldwide) 
- ISO /IEC 27001 or 27002 - certifications (choice between: mandatory, desirable, not required) 
- Hypertext Transfer, Protocol Secure (HTTPS) available 

Based on the classification of the companies into the morphological boxes presented above and the answers 
to the questionnaire of the platform providers, an individual suitability to the platforms (in percent) can be 
determined. An actual overview of the platform providers was made available for this purpose. 
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3.3 Change in economic and logistic indicators, using capacity sharing 

For the final evaluation, whether participation in a capacity sharing platform is beneficial for a company, the 
companies should know, how their economic and logistic indicators are likely to change. For this purpose, 
the relevant indicators were identified in a first step and ranked according to the strength of a possible change. 
In a second step, the changes for supplier and consumer were analysed, depending on the company scenario 
or initial situation. For this purpose, standard scenarios were developed with experts, for each of them the 
anticipated changes can be worked out. 

3.3.1 Identification of relevant economic and logistic indicators 

To identify the relevant economic and logistic indicators, all economic and logistic indicators were first 
provided. A list of relevant indicators for capacity sharing was then compiled with the involvement of experts 
(Table 3). 

Table 3: Relevant economic and logistic indicators 

economic indicators logistic indicators 

transport costs delivery time 
planning and control costs downtime 

storage costs throughput time 
production costs delivery reliability 

igle capacity costs machine utilization 
quality costs personnel utilization 

  inventory 
  batch size 
  setup time 

 

The delivery time indicates the period of time that elapses from the placing of the order to its fulfilment [18]. 
Downtimes include technical malfunctions and other downtimes that were not scheduled [19]. Throughput 

time indicates the amount of time required from the start of production to completion. This includes idle 
time, setup time and processing time, as well as transport time, which reflects the distance between two 
workplaces [20, 21]. The adherence to promised delivery dates is described by the key figure delivery 

reliability [22]. Machine utilization indicates the ratio of actual machine working time to total available 
working time. The personnel utilization expresses the utilized personnel capacity in relation to the available 
working time [19]. Inventories give rise on the one hand to capital commitment costs, since goods held in 
inventory have to be financed, and on the other hand to storage costs [22]. The batch size is the quantity of 
products or parts that can be produced directly one after another without interrupting production [23]. Setup 

time is the time required to prepare a machine for the production of another variant [19]. 

Logistics costs are caused by the provision of a logistic service. In this paper, it includes the three 
superordinate service areas: Transportation, storage and production planning and control (PPC), which 
are considered individually due to the different influences and anticipated changes. Transportation costs are 
classified as the costs incurred by the spatial change of goods. Storage costs are represented by warehousing, 
storage, and retrieval as well as the provision of storage space. PPC costs are incurred due to the rescheduling 
effort involved in taking on placing external orders [22, 18]. Production costs describe direct costs due to 
processing as well as maintenance, workshop and production performance costs [19]. Idle capacity costs 
arise from the non-utilization of existing capacity and therefore also reflect a certain degree of 
underemployment [24]. Quality costs arise from quality assurance or the restoration of the required quality 
through rework [19].  

After identifying the relevant indicators, the next step is to assess the potential change itself. Some indicators 
are likely to change more than others, when capacity sharing is used. Table 4 shows the classification into 
high, medium, and low. This classification was made by discussions with experts. 
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These indicators can lead to both a positive and a negative change. It depends on the scenario or the present 
situation of a company as well as the role (supplier and/or consumer). 

Table 4: Classification of indicators according to the strength of a possible change 

high medium low 

planning and control costs production costs storage costs 
igle capacity costs delivery reliabilty inventory 
machine utilization batch size  

personnel utilization setup time  

delivery time quality costs  

downtime    

throughput time    

 

3.3.2 Change in indicators due to capacity sharing 

To be able to finally evaluate the participation in a capacity sharing platform, the resulting changes in the 
economic and logistic indicators should be known. For the evaluation of these, a spreadsheet was developed, 
where the respective change for supplier and consumer, depending on the scenario or initial situation, is 
shown. For this purpose, expert interviews were conducted with users and capacity sharing platform holders. 
In total, the experts identified 10 different scenarios. Furthermore, a simulation model was built to show the 
changes in a simulative way to confirm the previously assumed changes. To illustrate the changes in this 
paper, a standard scenario is considered below that describes a manufacturing company that can act as a 
supplier and a consumer. The company uses the platform to compensate their seasonal fluctuations in orders. 
In addition, internal company influences are described that can affect the strength of the change. 

The transport costs for the supplier or consumer increase due to the distance of the partner company and 
the additional transport effort. The product itself is a factor in the level of these costs. The bulkiness, volume 
and weight of a product are decisive factors. Another factor is the transport infrastructure between the partner 
companies.   
The PPC costs increase in the supplier process and the consumer process, since the additional orders must 
be adjusted in the PPC. One factor for the level of this influence is the presence of system support, e.g., ERP 
or ME systems [25].  
The behaviour of storage costs itself for the supplier and consumer does not normally differ from the original 
situation, but the capital commitment cost can be optimized.  
The production costs for the supplier for additional orders are normally unchanged from the normal 
production costs of an own order, furthermore the fixed costs recovery can be optimized. Factors according 
to the strength of the change results is the number of additional orders as well as the deviations from the own 
products. The costs for the production as a consumer, in comparison with the own production, will be higher. 
The suppliers' idle capacity costs can be drastically reduced. For a consumer, the idle capacity costs are 
already very low, when an outsourcing is used.  
The quality costs for the suppliers normally remain unchanged. Only an additional necessary control could 
increase the costs. Increasing quality costs are likely to be incurred for the consumer, if the products are not 
shipped directly to their customer. After receipt of the products, they are checked in more detail before being 
further processed or shipped.  
Participation can potentially have a negative impact on the delivery time of the supplier's own products. 
Therefore, additional orders should only be accepted, if the own production flow will not be negatively 
influenced. Buyers cannot manufacture the products themselves or only with long waiting times, which is 
why the delivery time at the consumer side should be reduced to the initial situation.  
The suppliers' downtimes should not be different compared to their own products. For the consumer, the 
situation can be different. The company can compensate the downtimes by placing orders externally. 
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Throughput times and delivery reliability behave in the same way as delivery times.   
Machine utilization can be increased by participation in capacity platforms for the supplier. From the 
consumer perspective, capacity utilization is already very good, which is why no change is assumed.  
The personnel utilization behaves simultaneously to the machine utilization.  
The inventories itself will be higher from the supplier view. In the event of seasonal fluctuations, 
participation in capacity platforms can smooth out the inventories for the supplier, so that a constant level of 
inventories can exist throughout the year and the ordering cycle can remain constant. The consumer's 
inventories remain unchanged if no additional steps to the actual process is needed, except for the material, 
which is now used or available at the partner’s company.  
The supplier can optimize the batch size and thus indirectly optimize the production. An internal influencing 
factor is the company's own current order situation and the potential for combining internal and external 
orders into combined batches. For the consumer, the batch size does not change.  
The last indicator is the setup time, which can increase for the supplier, but does not have to. The difference 
between in-house and external orders is not clear. Normally, no changes are expected for the consumer. 

3.4 Application of the methodology and validation 

A methodology was developed to support the decision-making process of companies, participating in a 
capacity sharing platform. This methodology can be used to support the utility of participation and the 
subsequent platform selection. In addition, changes in economic and logistic indicators were presented.   
In the last step, this methodology will be transferred in a user-friendly application tool. In an Excel sheet, 
companies can specify their current situation according to the morphologies and receive information on the 
utility of participation, expressed as a percentage. An assignment to possible platforms will be provided in 
this Excel tool too. Further information on the changes in the indicators is also presented in this tool, 
depending on the initial scenario of a company. For this, the companies must choose a suitable scenario for 
their actual situation.  
In addition to the implementation in an application, a guidance was developed. It presents the application 
and describes how to use it, as well as providing the basics of capacity sharing and further information on 
the platforms, which are available on the market. The companies can, without any research effort, recognize, 
whether participation is beneficial for them, as well as receive a pre-selection for possible platforms and 
view the expected changes of the economic and logistic indicators. 

The methodology was developed with the input and discussions of experts, so that a constant scrutiny and 
validation of the sub steps has taken place. To validate the total methodology, the described questionnaire 
was sent to platform providers. The questionnaires were processed and returned from above 20 platform 
providers in a short time, which present the importance of this topic as well as a low-effort processing of the 
questionnaire. The manufacturing companies of the expert teams test the application afterwards. The results 
were discussed with the hole expert team, with the result, that in these cases, the methodology gives a good 
support. Further detailed validation steps must be done next. 

4. Conclusion and outlook 

The presented methodology as well as the implementation in an application and the provision of a guidance 
for the decision support, for or against a participation in capacity sharing, helps companies to deal with the 
topic and to be able to make individual decisions. The need for more flexibility due to order fluctuations is 
more important nowadays to survive in the market, and companies are aware of this. The market already 
provides several platforms that can be used. Nevertheless, there is currently a great deal of scepticism. 
Companies are unsure, whether participation is beneficial for them, which platform is suitable and what 
changes can be expected. This can be counteracted with the presented approaches. For the long-term use of 
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these approaches, it is important to regularly check the platform market to include new market participants. 
In this way, the support can remain up to date and continue to help companies make decisions in the future. 
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Abstract 

The environment in which companies operate is increasingly volatile and complex. This results in an 

increased exposure to disruptions. Past disruptions have especially affected procurement. Thus, companies 

need to prepare for disruptions. The preparedness for disruptions in the context of procurement is 

significantly influenced by the design of the procurement strategy. However, a high number of purchased 

articles and a variety of influencing factors lead to high complexity in procurement. The systematic design 

of the procurement strategy should therefore take into account the criticality of the purchased articles. This 

enables to focus on the purchased articles that have a high impact on the disruption preparedness. Existing 

approaches regarding the design of the procurement strategy in uncertain environments either lack practical 

applicability and objective evaluation or focus on the criticality of raw materials rather than of purchased 

articles. Therefore, a data-based approach for the systematic design of the procurement strategy in the context 

of the Internet of Production has been proposed. One central aspect of this approach is the identification of 

success-critical purchased articles. Thus, this paper proposes a framework for characterizing purchased 

articles regarding supply risks by combining two systematic analyses. First, a systematic literature review is 

performed to answer the question of what factors can be used to describe the supply risks of purchased 

articles. The results are analyzed regarding sources and impacts of risks and thus contribute to a structured 

characterization of supply risks. Second, existing criticality assessment approaches for raw materials are 

analyzed to identify categories and indicators that describe purchased articles. The results of both reviews 

provide the basis for linking product characteristics with supply risks and assessing product criticality which 

will be integrated into an app prototype. 

Keywords 

Disruptions; Supply Risks; Procurement Strategy; Product Characteristics; Internet of Production 

1. Introduction

Past disruptions like the COVID-19 pandemic, the blockade of the Suez Canal or the flood in North-Rhine 

Westphalia have posed various challenges in supply chains and thus have demonstrated the need to prepare 

for disruptions. As past disruptions have demonstrated, the impact on the procurement side has been 

especially critical [1,2]. Procurement is responsible for organizing and ensuring the supply of external 

material and parts that are required for internal processes [1]. Preparing for disruptions should focus both on 

reducing the effect a disruption has on a company’s performance as well as on enabling fast recovery after 

being disturbed. The preparedness for disruptions is significantly influenced by actions and strategic choices 

taken prior to a disruption [3]. For the area of procurement, the level of disruption preparedness is thus 

influenced by the design of the procurement strategy [1]. The procurement strategy determines the 

fundamental orientation and design of the supply process within the company and deals for example with 
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the number of suppliers or the type of purchased objects [4]. A high level of complexity in procurement and 

a multitude of purchased products with different characteristics and various options for specifically shaping 

the procurement strategy contribute to the fact that one important prerequisite for increasing preparedness is 

having transparency of the current procurement situation and the purchased articles [5]. To handle the 

complexity, the systematic design of the procurement strategy with regards to disruptions should on one side 

take into account different data sources and on the other side consider the criticality of purchased articles. 

By taking into account the criticality of purchased articles, a focus can be set on articles with a high impact 

on preparedness. As part of the research project Cluster of Excellence “Internet of Production”, existing 

approaches for developing procurement strategies and identifying critical purchased articles have been 

analyzed and it has been concluded that they either focus on raw materials or lack practical applicability and 

objective evaluation. Therefore, a framework for a data-based design of the procurement strategy in the 

context of the Internet of Production (IoP) has been proposed. [6] 

This paper contributes to the framework and the criticality evaluation by systematically analyzing purchased 

articles regarding supply risks. On one hand, the paper aims at structuring supply risks by analyzing which 

aspects of supply risks are frequently mentioned in the literature and structuring them into distinct categories. 

On the other hand, the paper builds on existing work in the area of raw material criticality assessment to 

identify and structure indicators that characterize purchased articles. These sets of supply risk factors and 

purchased article characteristics are needed to link purchased articles to supply risks and assess their 

criticality. The systematic analysis thus provides the foundation for identifying relevant supply risks aspects 

based on different purchased article characteristics.  

The remainder of this paper is organized as follows. Section 2 reviews the literature regarding supply risks 

and characterization of purchased articles. Section 3 presents the approach and the results of the systematic 

analyses. Section 4 summarizes the results and gives an outlook on the use of the results for building an app 

prototype. 

2. State of the art 

This section summarizes existing approaches to structure supply risks and to characterize purchased articles. 

2.1 Supply risks 

According to IVANOV AND SOKOLOV risks arise from uncertainty which is a general property of a system 

environment [7]. This understanding also underlies the definition by ROMEIKE. According to ROMEIKE, risks 

are possibilities to deviate from planned target values that result from the unpredictability of the future. [5] 

In the context of risks, this deviation is usually negative, while positive deviations are described as chances 

[8]. In the context of procurement, supply risks refer to “the uncertainty and severity of the events and 

consequences of any activity that adversely affects the inbound supply performance in terms of its target 

values” [2]. Supply risks affect the availability and quality of products that a company requires for its further 

value creation [9].  

To analyze the current state regarding supply risks, general frameworks for structuring risks in supply chains 

are summarized first as they influence what risk factors are considered. In the literature, risks are categorized 

according to different criteria. SANCHIS AND POLER propose a general framework for disruption elements: 

A disruption is composed of a source that originates the disruption, a disruptive event that is the concrete 

incident that causes the negative effects and a consequence that is the impact of the disruptive event. [10]  

Against this background, cause-related categorizations focus on different sources from which risks can 

occur. On a high level of abstraction, sources of risks in the context of supply chains can either be internal 

or external for the considered company or supply chain. [8] A common framework has been proposed by 
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MASON-JONES AND TOWILL which has been referred to by different authors [e. g. 11,8]. External risks are 

referred to as environmental risks. Internal risks can be further divided into company and supply chain 

internal risks. Supply chain internal risks include supply and demand risks while company internal risks are 

divided into process and control risks. SANCHIS AND POLER introduced a framework for origins of 

disruptions which summarizes and structures origins on different levels. On the first level, they distinguish 

between 11 origins: customers, distribution, economic/financial, energetic, environment, inventory, 

legislation, production, social, supply and technology. These are further divided into 59 sub-origins. [12] 

Effect-related categorizations are oriented toward the consequences that result from the occurrence of 

risks. While operative risks refer to inherent fluctuations, disruptive risks are events that have a massive 

impact on the system. [8] SHEFFI ET AL. describe disruption in supply, disruption in transportation, disruption 

at facilities, freight breaches, disruption in communications and disruption in demand as possible failure 

modes within a supply chain [13]. CARVALHO identified four supply chain failures from the view of a single 

company: material shortage, capacity shortage, finished product completed but not delivered and 

scrap/rework [14]. With a focus on supply risks, VON CUBE ET AL. propose deviations from the expected 

quality of delivered parts, deviations from the scheduled date of delivery of ordered lots, deviations from the 

planned quantity of delivered goods, and deviations from the planned prices of procured goods as possible 

consequences of supply disruptions [15]. SUCKY distinguishes supply risks in quality, quantity, timing, cost 

and transport risks where deviations can occur [9].   

Additionally, there are literature reviews that summarize different risks factors that affect several of the 

above-mentioned categories. One example is the review presented by HO ET AL. who identified various risks 

factors in the context of supply chains. These factors are classified into macro risks, demand risks, 

manufacturing risks, supply risks and infrastructure risks (information, transportation and financial risks). 

[16] HUNDNURKAR ET AL. propose a supply chain risk classification scheme that distinguishes between risk 

sources and risks. The classification uses product characteristics, supply chain management processes, 

supply chain infrastructure, external environment and human resources as categories. [17] HOFFMANN AND 

ROLAND differentiate supply risks into environmental and behavioral risks. The behavioral risks are further 

divided into financial, operative, and strategic risks. For each category, they summarize relevant risks factors. 

[18] WIEDENMANN AND GRÖßLER focus on the identification and categorization of relevant supply risks in 

manufacturing supply networks. They use a mixed-method approach that combines a structured literature 

review and interviews. The proposed framework contains six risk dimensions (quality, delivery, 

collaboration, economic, ambience and compliance) which refer to the outcomes of risks and 27 supply risks 

factors that refer to the sources of risks. [2] 

This analysis demonstrates that the literature in terms of supply chain and supply risks is complex due to the 

use of different terminologies (e. g. risks, disruptions, disturbances, vulnerability) and various levels of 

consideration. Moreover, a vast amount of categorization approaches exists that each focus on different 

aspects when defining main and subcategories. The approaches often do not differentiate between sources 

of risks, disturbance events and consequences which increases the complexity and complicates structured 

analysis. Additionally, only a few approaches explicitly focus on supply risk categorization and 

specification. Thus, a structured analysis of supply risks is needed as a basis for a systematic design of 

procurement strategies. 

2.2 Characterization of purchased articles 

As described in a previous publication in the context of this research project, portfolio methods are often 

used to cluster purchased articles and derive procurement strategies. These approaches contain different 

indicators to characterize purchased articles regarding their supply risks. They typically divide the indicators 

considered into an external and an internal dimension. A limitation of portfolio methods is the lack of 

objectivity in the evaluation of the indicators used. A data-based evaluation is often missing. [6] 
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Additionally, these approaches mostly do not categorize the indicators. Due to a lack of criticality 

assessments for purchased articles, raw material criticality assessments were analyzed. It was found, that 

existing assessment approaches focus on different risks and indicators as well as on different aggregation 

levels [19]. Selecting the right indicators thus poses a challenge. [6] As stated before, the extent to which the 

identified indicators are applicable for the assessment of purchased articles other than raw material needs to 

be examined. These approaches thus serve as an input for the structuring of the purchased article 

characteristics in the next section. 

3. Framework for analyzing supply risks 

The proposed framework is part of the approach for the data-based design of procurement strategies in the 

IoP that was introduced by the authors in previous work [6]. In this approach, action research and the CRISP-

DM model are combined. By going through different action research cycles, the approach aims at ensuring 

the practical applicability and fast implementation of the results in companies. This paper contributes to the 

first action research cycle, which aims at characterizing purchased articles in the context of supply risks. It 

lies the foundation for the second cycle which concentrates on implementing a calculation logic that enables 

the identification of success-critical purchased articles. This paper focuses on characterizing supply risks 

and purchased articles. The systematic analysis of both areas results in two factor catalogues and is the 

foundation for the structured analysis of interdependencies between the developed catalogues.  

3.1 Structuring of supply risks factors 

In this section, the results for structuring supply risks factors are presented. The results are based on a 

systematic literature review. This research method is chosen since systematic literature reviews offer the 

possibility to integrate different findings and perspectives and create an overview of already existing 

empirical evidence. By using a systematic approach for the literature analysis reliable findings and 

conclusions can be generated while bias can be minimized. [20] Systematic literature reviews are thus 

replicable and transparent [21]. This research uses the five-step approach for conducting systematic literature 

reviews in management and organization studies which has been proposed by DENYER AND TRANFIELD. 

The systematic analysis starts by formulating a research question (Step 1) which is followed by locating the 

studies (Step 2). Locating the studies includes the selection of databases and search algorithms. This step is 

followed by studying and evaluating the studies (Step 3). To do so, criteria for inclusion and exclusion of 

studies need to be defined. These selection criteria must be recorded to meet the requirement of transparency. 

After studies have been selected, the analysis and synthesis take place (Step 4). While the analysis focuses 

on identifying the individual and constituent parts, the synthesis aims at finding associations between the 

identified parts. Synthesis thus goes beyond pure description and aims to create knowledge through 

combining different studies. The final step is the reporting and use of the results (Step 5). [22]  

Based on the underlying approach and the state of the art regarding supply risks, this literature review aims 

at answering the question “What factors can be used to describe the supply risk of purchased products?”. 

The results of the research contribute to the structuring of different supply risk dimensions and corresponding 

negative effects on manufacturing companies. In this work, supply risk factors are understood as potential 

sources of supply disruptions that can cause different kinds of impacts. 

To identify relevant studies and cover a range of different types of information, various keywords were 

identified and subsequently a range of search strings was developed. Several keywords for the context of 

procurement (supply, upstream, supplier, procurement, source) were combined with keywords related to 

risks (risk, disruption, disturbance, critical, vulnerable) to identify risks that occur within procurement. 

Additionally, keywords were added to address any existing frameworks and measurement approaches 

(framework, assessment, evaluation, measurement, identification, classification) as well as keywords that 

427



 

 

focus on factors (characteristic, feature, indicator, parameter, category). Scopus was chosen as a search 

database as it covers a wide range of articles. The search was performed in September 2021 and was limited 

to articles written in English. Additional search conventions such as filters for subject areas (Business, 

Management and Accounting; Decision Sciences; Engineering) have been added. After this step, a total of 

554 studies were found and were further examined in the third step of the process. 

Titles, keywords and abstracts of the articles were read to determine their suitability for inclusion. Studies 

were included if they focused on supply risks and identified specific factors that detail these risks. Studies 

that did not use the supply of a production firm as their primary focus, such as articles describing energy 

procurement, agricultural procurement or healthcare procurement were excluded as the identified factors 

were too specific. This process retained 142 studies out of 554 studies. Afterwards, the full texts of the 

studies were closely examined, removing another 100 studies as they only marginally addressed risk factors 

in the procurement context and therefore did not have an additional value for the paper. Particular attention 

has been given to studies that identify risk factors in the supply context and attempt to provide a framework, 

resulting in a total of 42 studies to be considered for analysis and synthesis. Figure 1 summarizes the 

successive reduction of the relevant studies. 

 

Figure 1: Progress of the systematic literature review and successive reduction of relevant studies 

During the fourth step, each study was first analyzed concerning the supply risk factors it contained. The 

supply risks factors identified in these papers were extracted. It was striking during the following analysis 

that many studies chose different levels of classification and thus no clear risk assignment has been 

established so far. Furthermore, the wording of supply risk factors was inconsistent, resulting in a blending 

of risk factors, disruption events, supplier or product characteristics, and disruption consequences. The result 

of the analysis of the selected paper was an unstructured list of factors related to supply risks as a basis for 

the following compilation. Next, the wording of the factors was adapted based on their description to reflect 

their underlying meaning. This enabled the aggregation of factors and the removal of factors that did not 

specifically refer to the procurement context. Moreover, factors that did not represent risks, but 

characteristics or consequences were identified. These were not included in the proposed framework. 

Considering, existing classification schemes, the identified risk factors were grouped into five categories. 

The categories and risk factors es are summarized in Figure 2. 

 

Figure 2: Framework for supply risk factors 

Supplier risks contain factors that arise from suppliers and relate to a specific supplier. Risk factors with 

regards to the production capacity of a supplier are capacity constraints [e. g. 23,24] and volume flexibility 

[e. g. 24,25]. They can lead to problems in the context of material availability. Besides, labor practice [e. g. 

26,27] can pose supply risks, as unethical practices like child labor can result in production restrictions. The 

supplier location [e. g. 24,28] contributes to site-specific risks, which are closely linked to the environmental 
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risks discussed later on. Additionally, the capability of a supplier with regards to technical [e. g. 25,28], 

quality [e. g. 29,26] and delivery issues [e. g. 29,26,30] are important risks factors. Technical capability 

refers to the technical skills that are needed to produce the articles, while quality requirements capability 

relates to the processes and control to ensure the quality of products. Delivery requirements capability is the 

ability to deliver the requested article at the requested time.  

Collaboration risks refer to the relationship with a supplier. An important risk factor mentioned by various 

authors is the information availability [e. g. 28,29]. Problems occur when information is delayed or the 

communication networks are unstable. The behavior within a collaboration poses a risk if one partner takes 

opportunistic actions [e. g. 26,30]. Another risk factor in this context is the lock-in effect [e. g. 31,27]. In 

that case, switching suppliers is difficult which hinders flexibility. 

Transportation risks summarize factors that relate to the logistical aspects of procurement. Risk factors 

like transport capacity constraints [e. g. 32,31] and handling capability [e. g. 32,33] correspond to the factors 

of the category supplier risks. Capacity constraints include shortages in terms of a specific transport mode 

or shortages in space and containers. The factor handling capability refers to the required ability when 

packing, loading and transporting goods so that no damages occur. Additionally, transport failure [e. g. 

29,34], transport complexity [e. g. 24,35] and transport restrictions [e. g. 24,30] are relevant risk factors in 

this context. Transport failure refers to the impossibility of transport execution for example due to an accident 

or transportation breakdown. Transport complexity is influenced for example through the number of transfer 

points and can increase vulnerability. Transport restrictions can occur when crossing borders are required 

and can impact timely delivery. 

Supply market risks focus on the supply market and its development as a whole. Risk factors relate to the 

availability of input material [e. g. 25,2] and supply sources [e. g. 36,26]. The factor input material 

availability refers to the availability of raw material and the input that is required by the suppliers. The factor 

supply sources availability includes the existence of potential suppliers. Another risk factor is the supply 

market development [e. g. 36,37], which includes for example volatility in terms of the number of consumers 

and suppliers. 

Ambient risks contain risk factors that arise from the supply environment. Following WIEDENMANN AND 

GRÖßLER this category is named ambient risks to avoid ambiguous interpretation [2]. This category is 

broader than the mere supply market risks and contains factors that cannot be influenced as such and affect 

various areas in the supply environment. Risk factors are geopolitical conditions [e. g. 35,34], natural hazards 

[e. g. 35,34], man-made incidents [e. g. 30,2] as well as health issues [e. g. 27,37] and economic issues [e. 

g. 35,33]. Geopolitical conditions are for example influenced by political conflicts and unrest or war but also 

include export or import restrictions that hinder supply activities. Natural hazards include tsunamis or 

earthquakes while terrorism is an example of man-made incidents. The factor health issues contains for 

example pandemics. Economic issues include currency fluctuations, stock market instability, global 

economic performance and inflation. [35]  

Following VON CUBE ET AL., impacts of supply risks can be distinguished in deviations from the expected 

quality, the planned quantity, the scheduled date of delivery and the planned price [15]. As an additional 

impact, the overall availability of the procured material was added to the framework as it results in deviations 

regarding quantity, time and price. Each risk factor can be linked to at least one of these impacts. 

3.2 Structuring of purchased article characteristics 

This section presents the results regarding the structuring of purchased article characteristics. In previous 

research by the authors existing criticality assessment approaches for raw materials have been identified [6]. 

These approaches as well as studies from the systematic literature review described above are the basis for 
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the following analysis. The aim is to identify indicators and categories that describe purchased articles in the 

context of supply risks.  

Previous research analyzed eight different approaches, dealing with criticality assessment approaches for 

raw materials [38–44,19]. For this paper, each study was re-examined, and the indicators used to describe 

and categorize the purchased articles were incorporated into an unstructured list. Next, it was examined 

which studies explicitly referred to raw materials and whether they applied to the broader category purchased 

articles as well. Most characteristics were applicable if they did not specifically relate to raw material 

extraction in terms of mining. Besides, two other sources that characterize purchased articles were 

considered in the analysis [45,46]. In addition to these sources, results from the systematic literature review 

were taken into account. During the systematic literature review, it was found that some of the identified risk 

factors were not related to the general context of the procurement process, but were very specific in terms of 

the purchased articles. With regard to the structuring of purchased article characteristics, the risks and 

indicators directly relating to product characteristics were not considered in the above-described framework 

but analyzed here. Following the above-described approach for the synthesis and analysis, the characteristics 

were collected in a list and their wording was adjusted to reflect the underlying meaning. This enabled the 

aggregation of the named characteristics. This was followed by a grouping and categorization of the 

characteristics of the purchased articles. The compiled indicators needed to characterize the product and at 

the same time can be linked to the previously listed supply risks. As can be seen in Figure 3, four categories 

were established. The characteristics are either not-related to suppliers (product characteristics and 

economical aspects) or related to suppliers (supplier characteristics and logistical aspects). 

 

Figure 3: Framework for purchased articles characteristics 

Product characteristics cover not only the physical characteristics of the purchased product but also relate 

to its specific supply market. Product specialization [e. g. 44,46] describes the uniqueness of a purchased 

article in terms of its level of complexity and individuality. Product vulnerability [e. g. 46] describes the 

susceptibility of a procured article to external influences that have a diminishing effect on its performance 

level. The hazard risk or safety specification of a product [e. g. 23,26] is based on its occupational 

requirements in terms of physical, chemical, biological or ergonomic requirements. The frequency of product 

changes [e. g. 23,36,46] describes the number and intensity of both technical and design changes to the 

purchased article. A product’s lifecycle position [e. g. 45,26] is usually defined by how long it has already 

been on the market and whether there is a chance that it might be discontinued. One characteristic that is 

also frequently mentioned regarding supply risks is the volatility of the demand [e. g. 24,43,19]. Resource 

competition [e. g. 42,43] refers to the popularity of the article and is based on competing demand for an 

article that is available only in limited quantities. Substitution possibility [e. g. 42,46] describes how well 

the purchased article can be replaced through another article. 

Economical aspects are mainly intended to describe the importance of an article for the buying company 

and the effects on economic targets. The purchasing volume or consumption volume [e. g. 40–42] is the 

quantity of a purchased article that is ordered within a certain period. Purchasing costs [e. g. 45,41] are 

understood to be the total costs for carrying out the procurement process, so that the importance of an article 

is described by its percentage of the total purchasing costs [42]. Material utilization [e. g. 45,47] describes 
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• Product vulnerability
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the extent to which a purchased article is used in finished products. The material value [45,40] refers to the 

financial value of the utilized material and is directly related to the purchasing cost. Strategic importance 

characterizes the impact of a product on the company's strategic objectives [e. g. 40,42], while revenue 

impact [e. g. 19,46] expresses the importance of the product to the company's income. Price volatility [e. g. 

39,41] describes the tendency of a product to fluctuate in price, which is explained, for example, by changes 

in the market or regular changes in the price of related raw materials. The tendency of a product to develop 

price spikes is also considered here. 

A purchased article is moreover characterized through the suppliers that deliver this article. Supplier 

characteristics thus contain characteristics that relate to the actual suppliers from which a company 

purchases the articles. The number of suppliers [e. g. 26,42] is the actual amount of available and capable 

suppliers. Despite the number of suppliers, a product is characterized through the diversity of supply [e. g. 

48,19] which refers to the geological distribution of suppliers and their production or export structures. A 

purchased article is also characterized through the lead time needed for its delivery [e. g. 45,39,28] which is 

dependent on the supplier. The last characteristic that directly refers to a supplier is its reliability [e. g. 45,39]. 

It includes the adherence to delivery dates, quality and delivery amount aspects. 

As the last category, logistical aspects include characteristics that refer to the transportation process which 

is performed when delivering the articles. These characteristics are thus influenced by the location of the 

suppliers. Import dependency [e. g. 40,19] indicates the extent to which an article must be imported or is 

available domestically. Supply distance [e. g. 41,46] refers to the transport distance between the suppliers 

and the location of the buying company. The supply distance influences possible modes of transportation, 

delivery time and transportation costs. 

4. Conclusion and outlook 

Risks in the context of procurement are interpreted and understood in various ways within the literature. The 

systematic design of the procurement strategy influences the risk exposure and thus requires knowledge 

about the relevant risk factors. Additionally, complexity in procurement requires focusing on articles with a 

high impact on disruption preparedness. Therefore, supply risks factors and purchased article characteristics 

have been systematically studied. Using a systematic literature analysis, a variety of sources were analyzed. 

Based on the results a framework for supply risk factors was proposed which contains five categories and 

23 risk factors. The identified risk factors are potential sources of supply disruptions. The disruptions can 

result in deviations from the expected quality, the planned quantity, the scheduled date of delivery, the 

planned price and deviations in the overall availability of the procured material. Additionally, purchased 

article characteristics were analyzed. The resulting framework for purchased article characteristics includes 

characteristics related to and not related to suppliers and is structured in four categories with 21 

characteristics. The results create transparency on the relevant aspects both in the context of supply risks and 

purchased article characteristics. They are thus the basis to analyze the interdependencies between article 

characteristics and supply risks. The supply risks for an article then result from a combination of certain 

purchased article characteristics. This allows the identification of critical articles. Further research is needed 

to identify the links between the identified factors and characteristics. In this context, interdependencies 

between different risk factors should be taken into account as well. Once the links have been analyzed the 

results will be integrated into an app prototype which enables the identification of critical purchased articles. 

The app prototype will use data from different business application systems to characterize purchased articles 

and derive statements regarding their supply risks. 
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Abstract 

Manufacturing companies are faced with the challenge of operating cost-efficiently and remaining compet-
itive in a turbulent environment with constantly changing demands on production. To meet these challenges, 
factory planning has developed concepts of flow orientation and transformability. Through decades of re-
search, factory planners now have extensive methodologies and numerous principles, enabling them to de-
sign factory objects appropriately and align factories to be flow-oriented and transformable. Hospitals face 
similar challenges like manufacturing companies. Due to public funding, many hospitals have limited finan-
cial resources and must, for example, cover parts of their financial requirements by themselves through cost-
efficiency. In addition, hospitals are influenced by ongoing developments like demographic change and re-
cent challenges such as the COVID-19 pandemic. These and further examples not only tighten the economic 
situation of hospitals, but also force their systems to adapt to resulting challenges. They must successfully 
align their systems to remain operational under changing conditions. In contrast to factories, these issues 
have not been addressed sufficiently in the field of hospital planning. Therefore, factory planning approaches 
on flow orientation and transformability will be transferred to hospital systems in order to strengthen hospi-
tals against globally existing and socially relevant challenges in the healthcare system. With the aim to realise 
this venture, this paper presents a structured approach for its implementation. It also investigates the funda-
mental similarities between factories and hospitals and examines whether the main prerequisites for the suc-
cessful transfer of the approaches can be met.   

Keywords 

Factory Planning; Flow Orientation; Transformability; Hospital Planning; Hospital System 

Introduction and need for research 

Requirements for hospital systems have increased over time. This applies to those resulting from both exter-
nal influences and internal properties. In Germany, efforts to economise hospitals were made with the 
amendment of the "Law on the Reform of Statutory Health Insurance" in 2000 [1] and was accompanied by 
increasing cost pressure (external influence) on hospitals. Hospitals are now only paid a flat rate per case 
according to Diagnosis Related Groups (DRG), instead of being reimbursed for the individually incurred 
costs. This forces hospitals to strive for economic efficiency in order to cover the costs of treatment in every 
case [2]. To be able to cover future investment needs independently, hospitals must also generate a profit by 
keeping their costs significantly below the case-based flat rates. This is necessary since federal states provide 
increasingly less funding in the health system [3,4]. However, operational business can only be economical 
if the processes run efficiently. Hospitals are characterised by a function-orientation where departments have 
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a pronounced divisional thinking. Hence, the hospital system can be seen as a federal system comprised of 
different and independent but incompatible organisations. This leads to interface problems between different 
disciplines or departments and is also noticeable in hospital layouts by long travel and waiting times. Thus, 
a cross-departmental, more efficient form of service provision is not realisable [4-7]. Due to the process 
inefficiencies (internal property) many hospitals are unable to meet the demand for economic operations. 

In addition to the above-mentioned requirements, hospitals must also cope with change drivers (external 
influence) resulting from their turbulent environment [6]. Change drivers can have many different origins. 
Examples include demographic changes and the shift in the distribution of disease patterns [8], the consoli-
dation of the hospital market [9] or, most recently, the COVID-19 pandemic [10]. Hospital systems must be 
able to adapt to these change drivers in order to remain operational in the short term and competitive in the 
medium to long term. Examples from practice show that hospitals cannot meet this requirement due to their 
transformation inertia (internal property) [3,4,6,11,12].The change drivers and the changes resulting from 
them must be identified at an early stage, which applies not only to hospital operations but already to hospital 
construction planning [13], which are characterised by long planning periods. There is a high risk that they 
will no longer meet the requirements by the time they are put into operation [12]. Therefore, it is necessary, 
that the consequences can be mitigated at an early stage with appropriate measures, such as accelerated 
reutilisation cycles in construction [14].  

As summarised in Figure 1, the performance of hospital systems is strongly affected by the external influ-
ences of cost pressure and change drivers. The system properties of process inefficiencies and transformation 
inertia of hospitals do not provide an opportunity to adequately address the external influences, but rather 
worsen the situation with an additional negative impact on performance.  

 

Figure 1: External Influences and Internal Properties of Hospital Systems 

To increase the process efficiency, the ideal layout of a hospital must be aligned with the treatment processes 
to reduce travel and waiting times. In addition, the hospital system must be designed in such a way that it is 
prepared against the change drivers. Consequently, it requires the integration of flow orientation, i.e. the 
orientation towards process-oriented structures [15], and transformability, i.e. the ability to realise changes 
beyond defined areas and are absolutely necessary to ensure future oriented developments [16]. These two 
features enable the hospitals to shape the internal properties and cope adequately with external influences. 
Hospital planning, here also refers to hospital construction planning, has not been properly scrutinised as an 
object of research for decades. Hence, the methodologies in this field are lagging behind [13,17]. Therefore, 
there has been no approach that enables flow orientation and transformability equally important with the 
necessary depth of detail for hospital planning.  

Regarding process efficiency, the approaches aim to reduce the effort required to provide services. For ex-
ample, they maximise the utilisation of investment and operating cost-intensive resources by centralising 
functional areas [12] or minimise process times through lean methods [19]. The layout planning has a great 
influence on the process times through the determination of the travel times, whereby a process analysis for 
flow-oriented layout planning does not take place in the approaches examined in the current study. Existing 
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approaches only consider the processes in the context of process management [2], during the introduction of 
activity-based costing [20,21] or for the implementation of IT systems [7,22]. Moreover, numerous quanti-
tative approaches have been developed for supporting decision-making in layout planning, which arrange 
the spaces in individual hospital areas based on objective functions under consideration of certain constraints. 
The approaches considered can be divided into mathematical optimisation methods [5,23-26], simulation 
models [27–32] and hybrid approaches [33–36]. 

Regarding flexibility, existing approaches understand this term as a requirement that is becoming increas-
ingly important due to the permanent change in the healthcare sector [6]. Flexible hospitals are recognised 
worldwide and are characterised, among other things, by decentralised structures [12,37], additional capac-
ities [38,39] or variability or multifunctional equipment features [40–42]. The expandability or reducibility 
of a hospital due to growing or shrinking space requirements [12,14,25], the changeability of interior spaces 
[14,23], variable functions with a constant building structure [40,41] or modular hospital structures [12,37] 
are mostly equated with flexibility, but are to be understood far more profoundly according to the under-
standing of factory planning and are thus rather to be assigned to transformability. The flexibility in factory 
planning is described as the ability to react to foreseen changes within a defined area. Transformability, on 
the other hand, goes beyond flexibility and involves multidimensional changes and multiple areas [15]. 

In the following the general approach bridge the research gap explained above is described in Section 2. 
Further, Section 3 examines the prerequisites for transferring factory planning methods to hospital systems, 
before the paper concludes in Section 4.  

 General approach to close the research gap 

Factories are also faced with the challenge of designing their processes as efficiently as possible and ensuring 
sustainability in a turbulent environment. Flow orientation and transformability are therefore well-known 
target areas in factory planning. They are already successfully taken into account within the framework of a 
structured procedure for the goal-oriented design of a factory's objects [15]. The factory planning tasks re-
quired for this purpose, which need expert or experiential knowledge [43], are supported by a comprehensive 
set of methods and design principles [15]. These are to be taken up within the framework of planning support 
for hospitals and adapted to the hospital system.  

Factory planning distinguishes between rough and detailed planning. In the rough planning phase, factory 
planners create a feasible factory concept that fulfils the defined factory goals in the best possible way [44]. 
In order to achieve efficient processes, it is necessary to realise a flow orientation in the layout [45]. To 
support the hospital planning decisions, guiding principles are to be developed regarding centralisation or 
decentralisation as well as the arrangement of functional areas and rooms in accordance with the flow ori-
entation. In detailed planning, the factory planners work out the factory concept and describe it in detail 
[44]. In this course, the factory objects, which are the material or immaterial components of a factory that it 
is built from [46], are designed to be transformable [47,48].  This way, factories can adequately encounter 
the change drivers from their turbulent environment [16,48,49]. To adapt hospitals to the change drivers that 
affect them, hospital planning is also to be supported with guiding principles to increase the transformability. 
The procedure to develop the guiding principles is illustrated in Figure 2 and described below.  

Since hospitals, like factories, are to be understood as a long-lasting, complex and socio-technical systems 
that are subject to permanent adaptation [6], an analysis of the entire hospital as a single object of investiga-
tion is not expedient [46]. Factory planners therefore subdivide the factory into individual factory objects 
[47], so that these can be designed in a flow orientated and transformable manner [15].  

In order to define valid guiding principles for hospital systems, the first step is to develop a description 
model of the hospital system. Analogous to factory planning, the hospital objects for later design must be 
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identified and assigned to the previously defined system levels and the design fields [15]. In the second step, 
the flow relationships must be identified to be able to make statements about flow orientation in hospitals. 
For this purpose, the various flows resulting from the process flows must be combined into a holistic quantity 
structure and presented in a generally valid flow diagram. The service network must be depicted holistically 
so that all flows of patients, staff and material along the primary and secondary processes are shown. In the 

 

Figure 2: Procedure to develop the Guiding Principles for Flow Orientation and Transformability 

third step, target structures are to be developed based on the factory structures [15] and divided into func-
tional areas or departments that define the process flow. With the help of process flow models and target 
structures, flow-oriented function diagrams are drawn up as in factory planning [15]. These serve as the basis 
for creating the ideal arrangement variants, from which guiding principles for the ideal arrangement of hos-
pital areas are then to be derived. Once the guiding principles have been drawn up, the rough planning is 
complete. Subsequently, the guiding principles for transformability are to be worked out within the frame-
work of detailed planning. In the fourth step, a maturity model must first be developed to assess the trans-
formation potential of the individual hospital objects. In the process, individual transformation enablers for 
hospital systems are to be taken into account in accordance to factory planning [15], and then, characteristics 
of the individual factory objects that positively or negatively influence the transformation potential are to be 
identified. The characteristics serve as the basis for a utility analysis to assess the transformability of the 
whole hospital. In the fifth step, the required degree of transformability for the individual hospital objects 
must initially be determined in order to derive guiding principles for the development of space, technology 
and organisational concepts that meet the requirements. To this end, megatrends in the hospital environment 
must be identified and the resulting change drivers for hospitals and their effects on the functional areas must 
be derived. Subsequently, possible planning variants of the hospital objects are to be developed, from which 
guiding principles are to be derived depending on the necessary degree of transformability. Finally, the es-
tablished guiding principles for flow orientation and transformability are to be evaluated with the help of 
case studies and the active involvement of hospital practitioners such as managers or physicians in work-
shops. 
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 Prerequisites for transferring factory planning approaches to hospital systems 

In order to cope with external influences of cost pressure and change drivers, hospital systems are to be 
designed flow orientated and transformable. As described before, the approach is based on the methodical 
approaches from factory planning. In order to successfully transfer the described project to the hospital sys-
tem, prerequisites must be met in the hospital, just as they are in factories. To design the hospital in a targeted 
manner, hospital objects must be identifiable (prerequisite 1). To realise flow orientation, flow relationships 
must exist in hospitals (prerequisite 2). In the following, the necessary similarities between the hospital and 
factory systems are shown and based on this, the fulfilment of the prerequisites is derived.  

3.1 Hospital objects 

As summarised in Figure 3, there are similarities between the fields and levels of both systems. As explained 
in more detail below, objects can be identified via the levels of the hospital and sorted into the matrix of 
fields and levels. The basic possibility of identifying hospital objects, as prerequisite 1, is thus fulfilled. 

 

Figure 3: Similarities between Factories and Hospitals to derive Objects in Hospital Systems 

Factories are divided into five factory fields of technology, organisation, space, people and leadership [46]. 
According to their definition, a division into these five fields can also be applied to hospital systems. Tech-
nical equipment and infrastructure are necessary for the provision of services in hospitals [6]. The objects 
used in hospitals differ from those used in factories, but can also be structured in production, storage, or 
transport. Like factories [46], hospitals have structural and procedural organisations that influence the quality 
of hospital services [4]. The areas in hospitals are clearly defined and structured for the building by standards 
and specifications according to the DIN 277 [50] and aspects such as the plot of land or the layout are also 
taken into account [12]. In addition, hospital employees are subject to hierarchical management [4].  

The factory is hierarchically divided into five different factory levels from the plant level to the factory level, 
areas, sub-areas and to the work station, considering that every level encompasses all of its subordinate levels 
[46]. In analogy, hierarchical levels can be identified and structured for hospitals, such as from the speciality 
level to the work station [6]. Referring to the example that a plant may include several factory halls at the 
factory level, a large hospital may have several specialities at one location. These specialities are divided 
into various areas, e.g., surgical areas or wards, which in turn are divided into different work stations.  

In the context of factory planning, material or immaterial resources are named factory objects and are clas-
sified in the matrix of factory fields and levels [46]. Different resources can also be allocated to the individual 
levels in the hospital and represent material or immaterial components, such as the allocation of the supply 
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structure to the hospital level or of medications and other materials to the workplace level [6]. A definition 
of hospital objects and their classification into hospital fields and levels are consequently possible. 

3.2 Flow relationships in the hospital system  

As explained in more detail below and summarised in Figure 4, there are similarities between the products, 
the main processes, and the workflows of hospital and factory systems. This results in flow relationships; 
prerequisite 2 is therefore also fulfilled.  

 

Figure 4: Similarities between Factories and Hospitals to derive Flow Relationships in Hospital Systems 

Products are understood as output of a manufacturing company, which is made available to consumers for 
purchase [51]. The product of a hospital is the ready-treated patient. For this purpose, services are provided, 
such as nursing care, an examination, or an operation. In order to be able to offer the services, physical 
commodities or consumables are often necessary, such as medicines, X-rays or surgical instruments. The 
treatment of a patient depends on diagnosis, procedures, age, sex and possible complications or comorbidi-
ties, in summary DRGs. This leads to a high variance of products and to the assumption that hospitals can 
be understood as multi-product factories [52]. If the products of factories are differentiated into variants per 
product group [15], analogously the products in hospitals can be differentiated by patients per DRG.  

Hospital processes required to deliver services can be divided into primary and secondary processes. Patient 
treatment represents the primary process of a hospital [12]. This comprises all tasks of anamnesis, diagnos-
tics, and therapy from admission to discharge, whereby iterations between diagnosis and therapy are possi-
ble. Secondary processes support the primary process by providing the services necessary for treatment [53]. 
Since the necessary processes in factory systems are also subdivided, there is a further analogy between the 
two systems. In factories, there are the core processes for service provision, which include storage, manu-
facturing, and assembly from arrival to departure of goods. These are assisted by support processes [15].  

Hospital and factory systems have defined workflows. For factories, this results from the work plan, which 
is derived from the construction and production bill of materials [15]. Workflows in hospitals are determined 
by clinical pathways. Clinical pathways are developed for disease patterns and group individual cases into a 
homogeneous group based on certain indicators or symptoms [4,54]. Starting from a diagnosis, the clinical 
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pathway represents a consensus across professional groups and institutions for the succeeding sequence of 
diagnostic and therapeutic measures within the framework of inpatient treatment [20,54]. 

For the various diagnostic and therapeutic measures, patients pass through different clinical departments of 
the hospital for treatment [55]. The combination of primary and secondary processes results in a network of 
services in the hospital consisting of internal customer-supplier relationships [56], similar to factories [57]. 
This leads to a multitude of flow relationships, for example, of patients, employees, or material. In case of 
availability of necessary flow information, the relationships can be represented in a structured and clear 
manner in matrices, as they are also used in factory planning. 

3.3 Differences between hospital and factory systems 

Of course, hospital systems are not comparable with factory systems in all aspects. Hospitals have routine 
patient treatments, but also a large proportion of emergency cases. The occurrences of emergency cases is 
normally taken into account, however the individual and highly diverging treatments can only be determined 
after examining the patients. In addition, in large incidents, it is difficult to plan not only the activities to be 
carried out but also the number of treatments [58]. This short-term order planning is unusual for manufac-
turing companies; they plan in advance and adjust their factory operations accordingly. Although the emer-
gency degree is not comparable with those in hospitals, and they do not deal with human lives, manufacturing 
companies in the field of maintenance, repair and overhaul are familiar with these challenges. Before they 
take action, similar to patients in hospitals, the product must be assessed to determine the next course of 
action [59,60]. In general, this fact plays a subsidiary role in transferability of factory planning methods to 
hospital systems, as long as the individual characteristics of hospitals are taken into account accordingly. 
For flow orientation, flow relationships must consider all activities and procedures, routine and emergency 
treatments, as well as their respective frequencies (prerequisite 1). Further, hospital objects must ensure that 
all possible objects from activities and processes of emergency treatment are included (prerequisite 2).  

 Summary and outlook 

External influences such as cost pressure and change drivers require flow orientation and transformability 
of hospital systems, with internal characteristics counteracting this. Demands for flow orientation and trans-
formability already exist for factories. Over time, factory planning has developed successful methods with 
which systems can be designed accordingly. Since these have been lacking for hospital systems so far, this 
paper presents a procedure with which the factory planning methods for flow orientation and transformability 
can be transferred to hospital systems. However, a condition for the successful implementation of flow ori-
entation and transformability in hospital systems is the similarity between the two systems. Hospital objects 
and flow relationships between structural elements must exist in hospitals. These prerequisites were also 
examined, leading to the conclusion that hospitals and factories are comparable. Like factories, hospitals can 
be divided into levels and fields from which hospital objects can be derived. Since both systems have prod-
ucts and a superordinate main process, flow relationships between the structural elements can also be devel-
oped. On this basis, it is possible to describe the hospital system in a structured way analogous to factories. 

Having examined the similarities and prerequisites of both hospitals and factory systems, the next step is to 
develop the guiding principles using the approach mentioned. The to-be-developed guiding principles should 
facilitate the practical and implementable transfer of factory planning methods to hospital systems. 
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Abstract 

Cyber-physical production systems are constituted of various sub-systems in a production environment, from 

machines to logistics networks, that are connected and exchange data in real-time. Every sub-system 

consumes and generates data. This data has the potential to support decision making and optimization of 

production processes. To extract valuable information from this data, however, different data sources must 

be consolidated and analyzed. A Knowledge Graph (KG), also known as a semantic network, represents a 

net of real-world entities, i.e., machines, sensors, processes, or concepts, and illustrates their relationship. 

KG allows us to encode the knowledge and data context into a human interpretable form and is amenable to 

automated analysis and inference. This paper presents the potential of KG in manufacturing and proposes a 

framework for its implementation. The proposed framework should assist practitioners in integrating raw 

data from multiple data sources in production, developing a suitable data model, creating the knowledge 

graph, and using it in a graph application. Although the framework is applicable for different purposes, this 

work illustrates its use for supporting the quality assessment of products in a discrete manufacturing 

production line. 

Keywords 

Knowledge Graph; Cyber-Physical Production Systems; Data and Knowledge Management. 

1. Introduction

The concept of Cyber-Physical Production Systems (CPPS) applies to autonomous and cooperative sub-

systems (e.g. machines, sensors, actuators) that are connected and exchange data across all levels of 

production [1]. The data generated by CPPS, particularly from Internet of Things (IoT) devices, can be used 

to monitor manufacturing processes online and support decision-making. A challenge inherent to CPPS is 

managing this data and extracting useful information which humans can use to improve productivity and 

prognosis [2]. Especially for applications that use Artificial Intelligence (AI) technologies, the data delivery 

itself and how this data is provided (in which quality, quantity, and context)  to the data analytics applications 

are decisive for its use [3]. Contextual information in particular allows AI applications to deal with 

ambiguity, thus improving predictions and their capacity of aiding the decision-making process [4]. 

Semantic technologies, such as  Knowledge Graphs (KG), which capture context and domain knowledge 

information, can contribute to the explainability and acceptance of AI for realizing flexible manufacturing 

systems [5]. Early adopters in the manufacturing industry have been using (industrial) KG to support the 

integration of various data sources and to enable inference and machine processing by providing a formal 

semantic representation of manufacturing domain knowledge [6]. However, the use of KG in the 

manufacturing industry is not as disseminated as in other sectors such as finance and biomedical, having 

mostly prototypical implementations [7]. Guidelines and frameworks for its implementation in the 
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manufacturing industry were not found in the current literature. This paper thus contextualizes KG, provides 

a novel framework and a practical example of developing an industrial KG for a CPPS. This publication 

aims at providing guidelines for practitioners and researchers who are not yet familiar with the usage and 

capabilities of KG. The goal is to break the initial barrier to understanding how to develop a KG, especially 

for manufacturing data and facilitating the implementation of this semantic technology. 

This paper is structured as follows; section 2 presents the theoretical background of KG, graph databases 

and ontologies. The goal is to situate KG in the broader spectrum of AI technologies. Section 3 introduces 

the methodology and the proposed framework. Finally, section 4 concretizes the framework by providing a 

step-by-step development of a KG application having as an example an openly accessible dataset provided 

by Bosch of four of its assembly lines. The section concludes with an outlook of how the developed KG can 

be used as part of a Machine Learning (ML) pipeline to predict part quality. The fifth and last section 

provides future work directions. 

2. Theoretical Background 

A Knowledge Graph (KG) is a collection of nodes (for each entity), and edges, representing the relationships 

which connect and relate these entities to the world [8]. Figure 1 provides an example of a basic graph. In 

this graph, three entities are shown (a person, a station, and a machine), together with the directed 

relationships that connect them (a person works in a station, and a station has a machine as resource).  

 

Figure 1: Nodes and relationships 

KG are particularly useful because they add a layer of metadata to the data, providing context to it and 

defining rules for its structure and interpretation [9]. KG can, therefore, represent complex relationships in 

a domain in both machine friendly and human-readable forms [9]. Graph databases are databases developed 

specifically to store graph-shaped data and are designed to take advantage of the data connectivity to extract 

information and generate insights [10]. The uses of KG and of graph databases can typically be divided into 

three areas: graph statistics (statistic measures about the graph), graph analytics (analysis of the graph data 

to answer specific questions through queries or graph algorithms), and graph-enhanced ML and AI 

(application of graph data and analytics results to create or select features for ML models) [11]. In the context 

of graph-enhanced ML, KG embeddings are techniques used to insert entities and relationships from a KG 

into continuous vector spaces to allow further mathematical manipulation (e.g. use as input data for ML 

models) while still preserving the KG structure [12]. KG embeddings are being used in ML pipelines to 

improve the learning process through the integration of semantic rich features [4]. 

An ontology represents a domain, its objects, and the formalized relationships between them in a declarative 

formalism [13]. It is a human-readable text that describes entities in a domain and contains formal axioms 

(propositions) constraining the interpretation and use of these terms [13]. An ontology is used to share a 

common understanding of the information structure between people and machines, formalize and thus allow 

the reuse and analysis/reasoning with domain knowledge, make domain assumptions explicit, and, finally, 

separate domain knowledge from the operational knowledge [14]. KG and ontologies are part of the broader 

field of Knowledge Representation and Reasoning, a subfield of AI. Ontologies can be applied to define the 

KG’s underlying structure and guarantee interoperability with other systems and applications from the same 

domain [15].  
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Graph technologies are particularly suitable if the relationships within the data are central for analytics and 

reasoning purposes. Although relational systems (also called SQL databases) are well documented and easier 

for developers, retrieving relationships out of relational systems is considerably more complex and less 

efficient than graph systems [16].  

Recent literature on graph databases deals with whether graph technology is appropriate for specific use 

cases. Gosnell et al. [16] propose three questions to decide whether a particular problem is suited for graph 

technologies: 

1. Does the problem need graph data? 

• Understand the shape of the data the problem requires – when understanding the use case, is it natural 

to represent the data in a graph shape? What is the type of information to be extracted from the data? 

2. Do relationships between entities in the data help understand and solve the problem? 

• Are the relationships between entities in the data relevant to explain and clarify the problem? 

3. What is the purpose of exploring the relationships in the data? 

• Is the goal to generate a report (classical business intelligence)? Perform research on graph-

structured data? Provide a service to an end-user (retrieval)? Use as part of an ML pipeline? 

Nowadays, KG are being applied in various industries in application areas such as question answering, 

recommender systems, information retrieval, and feature engineering [17]. KG are also being adopted in the 

manufacturing industry, mostly in the form of prototypes. Zhou et al. use a KG-based approach for resource 

allocation in a discrete manufacturing workshop [18]. To achieve a self-configurable manufacturing process, 

Zheng et al. introduce a KG-based multi-agent reinforcement learning method [19]. Zhao et al. developed a 

service platform based on KG for resource allocation and scheduling of manufacturing orders [20]. 

Additional use cases include the use of KG for creating the digital twin of a building used in applications for 

building management and services, risk management in engineering projects, process monitoring, and 

machine service operations planning [6, 21]. 

3. Methodology and proposed framework 

This section introduces a framework for developing and using KG. The framework is based on the literature 

presented in the theoretical background section, mostly focused on the use of graph databases. Mainly the 

work from Robinson et al. [8], Barrasa et al. [9], Gosnell et al. [16], Sequeda and Lassila [22], combined 

with practical implementation experience from the authors, are translated into a general guideline for the 

adoption of KG. Figure 2 presents the framework consisting of five phases. The three questions proposed by 

Gosnell et al. [16] and introduced in section 2 are to be answered before the first phase of the framework. 

Next, each phase will be explained from a theoretical point of view.  

1. Problem understanding and identification of data sources. As a natural first step, the problem 

understanding aims at having a clear goal for the KG application. In this step, the purpose of exploring the 

relationships in the data should be differentiated between generating a business report (calculating key 

performance indicators), providing a service to an end-user (retrieval system), or being used as part of an 

ML pipeline. The identification of data sources and their relationships aids the data modelling. We suggest 

conducting a workshop with stakeholders for the problem understanding step.  

2. Data modelling. The data model represents the domain's entities and relationships and establishes the 

graph structure for receiving data in the subsequent steps. This step is paramount and should be guided by 

the goal defined in the problem understanding. When querying a graph, we talk about "traversing", which 

means going from one point (or node) of the graph to another. So how the entities and their relationships are 

represented in the data model will affect the traversals and, therefore, the efficiency of information retrieval 

and how the domain is represented in the graph. One of the biggest differences and advantages from graph 
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data storage is that the conceptual data model (how the entities relate to each other in the domain, for example 

the one portrayed in Figure 1) translates directly to how the data is physically stored in the graph database 

[16]. We identify two main ways of defining the data model: through an existing or newly developed 

ontology stored, e.g., in a Resource Description Framework (RDF) file (2.1) or through graph modelling 

frameworks, such as the Labeled Property Graph (LPG) [8] or the Graph Schema Language (GSL) [16] 

(2.2). Independently of the chosen approach, each entity or object from the domain is assigned a specific 

node label. Node labels are used for entities from the same class, which will share the same type of 

relationships and properties. Similarly, relationships’ labels define their type and properties. This step can 

likewise be conducted in a form of a workshop with stakeholders and using visual tools, e.g., whiteboards, 

to draw the entities and their relationships and derive the data model. 

3. Data preparation and integration. In most cases, the data sources come from relational databases or are 

stored in a relational data format, such as tables in CSV files or as unstructured data in NoSQL databases. 

The question in this task is how to prepare the data and integrate the various data sources to be loaded into 

the specified graph data model defined in step 2. The data preparation can be as simple as creating new CSV 

files that translate the relationship within the data that will be then loaded into the KG. For more complex 

scenarios, there are the so-called "mappings". A mapping is "a function representing the relationship from a 

source data model to a target data model" [22]. Mappings are usually formulated as rules (IF (condition) 

THEN (conclusion)) and indicate how a source (e.g., relational database) can be represented in the target (a 

KG). These functions or rules are applied to fill the KG with data originating from relational or NoSQL 

systems. At this stage, the graph database (such as Neo4j, DataStax, Amazon Neptune, and Cassandra) 

should be chosen, as it will influence the necessary changes in the original data for its integration. 

4. Knowledge Graph creation. Once the data sources are identified and prepared for integration, the next 

step is to load the data into the selected graph database. As mentioned before, different procedures depending 

on the graph database exist for conducting this task. The basic idea is to load the entities and relationships 

for the data as defined in the graph data model in step two. At the end of this step, entities and relationships 

from the data should be represented and connected in the KG. The KG can then be used to develop the 

application in the fifth step. 

5. Application development. The fifth and last step of the framework, application development, summarizes 

the efforts for creating an application that will ultimately use the KG. These uses can be assigned to three 

main categories: Generating business reports (5.1), querying, and retrieving information for an end-user 

(5.2), or as part of an ML pipeline for either producing graph features or facilitating the selection of features, 

e.g., for regression or classification tasks (5.3). 

 

Figure 2: Proposed framework 
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4. Framework Application: Case Study Product 360 

A well-known use case for KG in enterprises is the so-called “Customer 360” applications. Customer 360 

are considered data products that consolidate and connect various data sources about the customer, creating 

a common approach to expose this information for use [22]. The 360-degree view of customer’s data allows 

using the available and most relevant information about each customer to improve and customize service 

offerings, e.g., products recommendations [23]. Similarly, we propose a 360-degree view of the product. 

The idea is to gather in a KG all available and relevant information about a manufactured product to support 

additional analysis, e.g., for creating graph features for an ML pipeline to predict which part will fail quality 

control (predictive quality). In this work, steps one to four (from problem understanding to KG creation) are 

presented to clarify how to use the framework. The fifth step (application development) gives an outline and 

future work directions for the predictive quality case. For this application development, the graph database 

Neo4j through the Neo4j Desktop application was used. 

1. Problem understanding and identification of data sources. The data used to develop the product 360 

KG is from the publicly available datasets “Bosch Production Line Performance” published in Kaggle in 

20161. The datasets contain measurements of parts as they move through Bosch’s assembly lines and are 

divided into three types of features plus a response feature: numerical, categorical, date (timestamps) and 

binary labels indicating whether the part succeeded (Response = 0) or failed (Response = 1) quality control. 

The datasets are further divided into training and testing sets for each feature type. The training and testing 

sets have 1.184.687 and 1.183.748 samples, respectively. Further, the data contains 968 numerical features, 

2.140 categorical features and 1.156 date features. This results in a combined dataset of 14,3 Gigabyte. 

Besides the challenge of working with large datasets, the ground truth is highly imbalanced (approximately 

one in every 125 products are defective), and several product variants are represented in the dataset 

(identified by the 7.148 unique flow paths) [24]. The identified problem is then predicting which parts will 

fail quality control. Therefore, the data sources are the training and testing datasets: train and test numerical, 

train and test date, and train and test categorical datasets. 

2. Data modelling. The data model should aid the task of identifying which products pass or fail the quality 

control. The goal is to generate a KG with all information about that product. In this case, it means 

representing in the graph the numerical and categorical features related to each station and line, the sequence 

of stations and lines, and the data features in the form of timestamps. Figure 3 shows the data model developed 

using the LPG framework.  

 

Figure 3: LPG data model for product 360 knowledge graph 

In the figure, we identify three types of entities: Line, Station, and Feature. Lines are identified by the 

“lineId”, which is saved as a String. Similarly, stations are identified by a “stationId” stored as a String. 

Features have two properties: the identifier “featureId” saved as String, and the “featureValue” stored as a 

Float and which holds the actual feature value (recordings from sensors or categorical data). The data model 

further defines three types of relationships: HAS_STATION, HAS_FEATURE, and TRANSFERS_TO. 

HAS_STATION is used to describe which stations the line comprises. HAS_FEATURE indicates in which 

 

1 Available at: https://www.kaggle.com/c/bosch-production-line-performance/data  

449

https://www.kaggle.com/c/bosch-production-line-performance/data


station the feature was recorded. Finally, TRANSFERS_TO captures the sequence of stations and lines the 

product passed through during the assembly process. The “TRANSFERS_TO” relationship has a property 

called “timestamp”, which records the timestamp of the estimated time the transfer between stations 

occurred. This data model serves as the basis for preparing the data and loading it in the Neo4j graph 

database. Alternatively, an ontology can be used as the data model and imported in Neo4j using the 

neosemantics (n10s) plugin. Figure 4 shows an exemplary ontology created using WebProtègè2 and exported 

as a turtle (.ttl) file.  

 

Figure 4: Ontology in WebProtègè 

3. Data preparation and integration. The data preparation step consists of reshaping the Bosch production 

line dataset to be loaded into the graph database. Table 1 presents an excerpt of the first five rows and five 

columns of the raw numerical train dataset. This dataset was used to capture the entities for the Line, Station 

and Feature classes and the “featureValue” for the numerical features. 

Table 1: Excerpt of Bosch's production line numerical train dataset 

Index Id L0_S0_F0 L0_S0_F2 L0_S0_F4 L0_S0_F6 

0 4 0.03 -0.034 -0.197 -0.179 

1 6 nan nan nan nan 

2 7 0.088 0.086 0.003 -0.052 

3 9 -0.036 -0.064 0.294 0.33 

4 11 -0.055 -0.086 0.294 0.33 

 

Table 2 depicts the result of shaping the data for the first product in the dataset, product Id 4. For 

manipulating the raw data, the Python library pandas was used. The pandas data frame was saved into a CSV 

file which will be used in the subsequent step to create the KG. This table allows identifying all entities, their 

respective Ids, and the relationships “HAS_STATION” and “HAS_FEATURE”. 

Table 2: Entities and feature values for product Id 4 

Index lineId stationId featureId featureValue 

0 L0 L0_S0 L0_S0_F0 0.03 

1 L0 L0_S0 L0_S0_F2 -0.034 

2 L0 L0_S0 L0_S0_F4 -0.197 

3 L0 L0_S0 L0_S0_F6 -0.179 

4 L0 L0_S0 L0_S0_F8 0.118 

 

 

2 Available at: https://webprotege.stanford.edu/ 
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The relationship “TRANSFERS_TO” was obtained from the date train dataset. The timestamps in this 

dataset were used to determine the station sequence and the estimated timestamp of transfer between stations. 

Table 3 shows the resulting table with the station of origin (stationId_s, s for the subject) and the destination 

(stationId_o, o for the object), and the timestamp listed in the column “transfers_to”. 

Table 3: TRASNFERS_TO relationship 

Index stationId_s transfers_to stationId_o 

0 L0_S0 82.24 L0_S1 

1 L0_S1 82.24 L0_S2 

2 L0_S2 82.24 L0_S4 

3 L0_S4 82.26 L0_S7 

4 L0_S7 82.26 L0_S8 

4. Knowledge Graph creation. The CSV files were used to create and save the data into the KG in Neo4j. 

Cypher commands to add the data to the graph database were written in the Neo4j Browser application. An 

excerpt of the commands used to create the nodes (entities) and relationships are listed in Table 4. 

Table 4: Excerpt of Cypher commands for creating nodes and relationships 

Command explanation Cypher command 

Create the nodes for lines, 

stations and features from 

product Id 4’s CSV file 

LOAD CSV FROM 'file:///productid4.csv' AS row 

WITH row[1] AS lineId, row[2] AS stationId, row[3] AS featureId, 

toFloat(row[4]) AS featureValue 

MERGE (l:Line {lineId: lineId}) 

MERGE (s:Station {stationId: stationId}) 

MERGE (f:Feature {featureId: featureId}) 

  SET f.featureValue = featureValue 

RETURN count(l); 

Create relationships 

“HAS_FEATURE” from 

product Id 4’s CSV file 

LOAD CSV WITH HEADERS FROM 'file:///productid4.csv' AS row 

WITH row.lineId AS lineId, row.stationId AS stationId, row.featureId 

AS featureId 

MATCH (l:Line {lineId: lineId}) 

MATCH (s:Station {stationId: stationId}) 

MATCH (f:Feature {featureId: featureId}) 

MERGE (s)-[rel:HAS_FEATURE]->(f) 

RETURN count(rel); 

Visualize “TRANSFERS_TO” 

relationship and numerical 

features 

MATCH (s:Station)-[rel:TRANSFERS_TO]->(s:Station) 

MATCH (s:Station)-[rel2:HAS_FEATURE]->(f:Feature) 

RETURN s, f, rel, rel2; 

 

The result from the last query can be visualized in Figure 5. Figure 6 provides a detailed view of the 

"TRANSFER_TO" property, indicating the transfer's timestamp to the next station occurred. 
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Figure 5: Knowledge Graph in Neo4j for product Id 4 

 

Figure 6: Relationship property for product Id 4 

The same procedure used to create the KG for product Id 4 is applied to the remaining products. The result 

is one KG per product. 

Outlook: 5. Application development. The KG created in step four can now be used for various 

applications, from generating key performance indicators for each product and the assembly line and part of 

an ML pipeline for graph classification. Here we outline a predictive quality application currently being 

developed and seen as future work. The predictive quality application consists of conducting a graph 

classification task. First, it is necessary to generate low-dimensional vector representations of the KG created 

in step four through KG embeddings. For that, GraphSAGE3 can be used for products from the same variant 

and, therefore, present the same stations and lines sequence. The graph embeddings are used for training a 

classifier which should then predict whether the assembled product has Response = 0 (succeeded the quality 

control) or Response = 1 (failed the quality control). 

5. Conclusion 

This paper presented step-by-step guidance to create a KG from relational data sources. It starts with framing 

the problem as a graph to develop a data model and load it into the graph database. The guideline should 

assist practitioners and researchers who want to use semantic technologies as a source of information. Either 

 

3 Available at: http://snap.stanford.edu/graphsage/ 
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for calculating key performance indicators and generating business reports by ingesting data into the KG and 

performing graph analytics or as a retrieval system for providing a service to an end-user or as part of an ML 

pipeline. Future work includes providing more insights into the application development and exploring the 

potential to enrich feature expressiveness for ML pipelines. 
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Abstract 

Due to the digital transformation and global megatrends, the industrial environment of manufacturing 

companies is changing faster than ever. As a result, the tasks of managers in these companies are evolving. 

New management roles and competences are required to master the challenges of this industrial change and 

remain competitive in the global market. This paper describes the development of a competence-based role 

model of managers in manufacturing companies focusing on the influence of current megatrends and the 

associated digital transformation. The model provides an overview of future tasks and roles of managers, 

which are becoming increasingly important in view of current megatrends. In regard to existing role models, 

seven roles of modern managers are derived. These management roles were evaluated in an extensive survey 

and detailed with corresponding competence profiles. 

Keywords 
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1. Introduction

With its technological and social changes, the digital transformation significantly impacts manufacturing 

companies [1]. Due to current megatrends like digitalization (e.g., big data, KI, Robotik, IoT), globalization 

(e.g., international competition, higher customer demands), volatility (e.g., uncertainty, instability, shortened 

product cycles), sustainability (e.g., environmental protection, climate change, decarbonization, circular 

economy), and demographic change (e.g., aging, shortage of skilled workers, lifelong learning, changing 

values), the industrial environment is evolving [2]. These challenging environmental conditions can also be 

described by the acronym VUCA (volatility, uncertainty, complexity, ambiguity) [3]. In today's VUCA 

world, the day-to-day tasks of managers are highly complex and dynamic. Therefore, managers are 

constantly facing new challenges. Especially in the course of the digital transformation, the tasks of managers 

are changing [4]. There is no scientific consensus on how managers' tasks will change in the context of the 

digital transformation and global megatrends, what roles they will take on, and what competences they will 

need.  

This paper aims to develop a competence-based role model of managers in manufacturing companies that 

considers the influence of current megatrends and the accompanying digital transformation. After describing 

the literature-based fundamentals of competence-based role models in section two, the description of the 

research method follows in section three. Section four includes the results of the role description and the 

empirical study results determining the competence requirements of the different management roles. The 

results will be presented in the form of competence profiles that are tailored to the corresponding role models. 

A discussion of the results follows before this contribution summarizes with a conclusion. 
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2. Management role models 

Based on the classic process- and task-oriented management models, the models of Koontz & O'Donnell [5] 

and Rühli [6] need to be mentioned. The former describes the management process and the associated tasks 

in five areas: planning, organization, personnel deployment, leadership, and control [5]. According to Koontz 

& O'Donnell [5], the central tasks of managers in these areas follow a chronological sequence. The tasks 

should be fully described and structured. A similar approach can be found in the Zurich management 

approach, according to Rühli [6], in which the four management functions, planning, decision, arrangement, 

and control, are distinguished. The main difference to Knootz & O'Donnell's management process is that the 

Zurich management model focuses less on the specific tasks of the respective manager and more on the 

overall management tasks of a company. 

In contrast to the above-mentioned process- and task-oriented models, Mintzberg's [7] and Quinn's [8] 

approaches are role-based. Mintzberg identifies ten management roles, which are divided into three 

superordinate groups [7]: Roles in establishing and maintaining interpersonal relationships (figurehead, 

leader, liaison), informational roles (monitor, disseminator, spokesperson), and roles in decision-making 

(entrepreneur, disturbance handler, resource allocator, negotiator). The ten management roles illustrate in a 

practical way the broad spectrum of tasks of a manager and are described precisely [7]. At the same time, 

they are kept general to ensure relevance even in today's world. Quinn's competing values framework 

examines which roles managers assume depending on the company's strategic orientation. Based on a study 

of organizational effectiveness [9], Quinn [8] derives the bipolar scales of flexibility vs. stability and internal 

vs. external focus. In the four quadrants of the two-dimensional model, eight specific management roles are 

described: facilitator and mentor, innovator and broker, producer and director, coordinator, and monitor [10]. 

The main difference to the approach of Mintzberg [7] is that Quinn [8] explicitly names the contradictions 

of different roles and processes within the framework of a coherent overall model [10]. According to Quinn, 

effective leadership behavior exists when all roles are fulfilled [8]. This includes the role-immanent conflict 

that a manager sometimes has to take on opposing roles simultaneously [11]. 

Reinhart describes the range of management tasks based on six categories: providing orientation and goals, 

deciding and taking responsibility, delegating, monitoring and controlling, informing and communicating, 

motivating, and developing [12]. The effects of digitalization and demographic change on the above-

mentioned management tasks are explicitly examined. Zeichhardt analyses the influence of digitalization on 

managers [13]. Here, not only the tasks of individual managers are analyzed, but the digital management 

tasks in the entire company are considered. These are classified based on seven digital management roles: 

digital figurehead, digital game changer, digital broker, agile facilitator, digital specialist, big data manager, 

and artificial intelligence. The management concept Teamlead of Graf et al. examines how managers 

efficiently lead teams in the context of digitalization and a VUCA environment [14]. The Teamlead model 

defines six system functions with 23 management tasks important for teams and leaders. The six functions 

are difference, resource, structure, process, reflection, and development management [14]. In the Teamlead 

concept, the tasks of a manager are viewed from a modern, team-based perspective.  

The analyzed approaches were assessed in terms of model structuring, the considered focus area, and 

clustering. Regarding model structuring, a distinction can be made between process-oriented, task-oriented, 

and role-oriented models [15,16]. The former is characterized by a chronological sequence of process steps, 

whereas individual management tasks are unordered in a task-oriented structure. A role-oriented structure 

can be distinguished by summarizing various subtasks in a role description. Most of the models examined 

are process or task-oriented; only Mintzberg [7] and Quinn [8] focus on the individual management roles. 

Furthermore, the models can be differentiated based on the chosen focus area. In contrast to a general focus, 

a trend-oriented focus takes current developments and megatrends into account. Current megatrends are 

considered in the approach of Reinhart [12]. In the other approaches, either no recent developments or only 

a few selected trends are addressed. In addition, most of the mentioned approaches developed a general, 
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exhaustive model, i.e., to represent all tasks or management roles [5,6]. Therefore, unspecific categories 

and clusters are formulated. Older models do not lose relevance because current trends hardly influence the 

results. However, the practical significance regarding current developments is diminished. The approach of 

Zeichhardt [13] describes the different management roles and tasks in a specific and concise manner. It can 

be stated that no model describes the roles of managers arising from current megatrends in the context of 

individual role descriptions. In addition, there is no competence model in which specific and prioritized 

competence profiles are assigned to roles arising from current trends. Figure 1 shows an overview of the 

evaluated role models of managers. 

3. Research method 

The research method used to develop the competence-based role model is divided into two steps: In the first 

step, individual preliminary roles of managers were identified. These were developed based on current 

megatrends and managers' existing tasks and role models. The following process was used to create the 

preliminary roles. With the help of developed guiding questions (e.g. 'How are the potential tasks and roles 

of managers changing with regard to the addressed megatrends?), hypotheses were collected from the 

presented literature and megatrends (e.g., change of a current role due to digitalization). The hypotheses 

describe aspects of managers' everyday work that are becoming increasingly important due to current 

megatrends. Afterwards, the hypotheses were combined and clustered to derive specific management roles. 

The second step represents an empirical survey among managers. The empirical-inductive procedure 

evaluated the preliminary roles from step one in a practical manner. For this purpose, the preliminary roles 

were integrated into a comprehensive survey concept. The empirical survey comprises two objectives: First, 

the preliminary developed roles were validated and examined regarding their relevance. Secondly, 

competence profiles for the respective roles were derived from an extensive collection of competences. 

Thereby, survey participants selected what they considered the five most important competences for each 

role from a collection of 40 future management competences. This competence collection was derived based 

on literature from Heyse & Erpenbeck [17], IFIDZ [18], Stifterverband & McKinsey [19] and Cloots [20]. 

60 production-related managers from various age groups, company sizes, and management levels took part 

in the online survey (17 % top management, 48 % middle management, 27 % operational management, 8 % 

consultants). 

4. Description of the results – management roles and their required competences 

The preliminary roles of managers developed in step 1 were assessed by the survey participants in step 2 as 

part of the empirical survey. The role model contains seven roles of modern managers. According to the 

Figure 1: Analysis of relevant management  task and role models 
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survey results, each management role will become more significant in the future. The seven management 

roles are presented in more detail below.  

As a Data Analyst, a manager uses digital technologies to analyze large amounts of data and derives insights 

for management decisions. The task of a manager is to interpret the results of the data analysis and draw 

conclusions for their actions. Managers are thus enabled to make well-founded and data-based decisions.  

As a Change Manager, a leader organizes change processes from an initial state to a target state. The 

industrial environment is constantly changing. Therefore, companies need to adapt their products or services, 

react to unexpected events, and manage sudden crises. Managers have the task of responsibly shaping these 

changes and involving employees in the process. 

As a Digital Communicator, a manager uses digital tools to interact with people. Leadership tasks are 

performed digitally, and communication with employees, customers, and other stakeholders gradually shift 

into the digital space. 

As an Influencer & Digital Role Model, a manager represents the company or department internally and 

externally. Thereby, the manager acts as a symbolic figure in the digital space and influences the opinion 

and behavior of people in his or her network. This includes, for example, customers, employees, investors, 

and journalists. By using digital services, managers multiply their reach. 

As a Trend Seeker & Visionary, a manager engages deeply with current and future developments. The 

manager tries to anticipate trends and align the company with change or actively shape it through proactive 

as well as strategic leadership. 

As a Talent Scout & Talent Developer, it is the responsibility of a manager to recognize and develop the 

potential of employees. The shortage of skilled workers and international competition make it more difficult 

to recruit suitable employees. Moreover, the continuous development of employees is becoming increasingly 

important in view of advancing technological progress. 

As a Culture Manager, a manager establishes a corporate culture and a working environment in which the 

company's goals can be realized. The manager anchors methods and sets the framework to create a pleasant, 

productive, and inspiring work atmosphere. 

The seven roles of modern managers have been derived based on a literature review in step 1. Figure 2 shows 

a cutout of the most significant correlations between the megatrends and the management roles. It is evident 

that all roles have a trend-oriented focus. Especially the megatrend digitalization plays a significant role.  

Digitalization Globalization Volatility Sustainability Demographic change

Data Analyst
large amounts of data 

available

global data streams in a 

networked world

identify trends faster 

based on data

Change Manager
need for change in digital 

areas

change processes are on 

the daily agenda

ecological transformation 

leads to fundamental 

changes

changed understanding 

of values; involve 

employees

Digital 

Communicator

new and digital forms of 

communication are 

becoming established

employees and 

customers are globally 

dispersed

young and digital 

employees demand new 

forms of communication

Influencer &

Digital Role Model

external presentation of 

managers is shifted to 

digital space 

companies and their 

managers must show 

global presence

sustainability as a key 

topic in the public image 

of companies

young and digital 

employees who want to 

be inspired 

Trend Seeker & 

Visionary

proactively shaping

digital change

recognizing trends and 

developments and 

shaping the future

shaping the ecological 

future of the company

Talent Scout & 

Talent Developer

qualified employees in 

the digital field are 

becoming increasingly 

important

global war for talent

lifelong learning is 

becoming increasingly 

important

qualified employees in 

the sustainability area 

are becoming 

increasingly important

shortage of skilled 

workers and tight labor 

market situation

Culture Manager
new (agile) methods in 

software development

(e.g. scrum)

shorter product life 

cycles and constantly 

changing requirements

more personal 

responsibility for 

employees 

roles

megatrends

Figure 2: Correlation matrix of preliminary roles and megatrends 
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In the survey, the participating managers were asked to assess the relevance of each management role. The 

importance of the roles in the personal workday is widely confirmed, and the importance of the seven roles 

rises in the future. Figure 3 shows the comparison between the evaluated relevance of each role right now 

(black markers) and for the future (blue markers) (in 3 to 5 years). Thereby, the relevance of the management 

roles in the future personal work situation is consistently rated higher. The most significant discrepancy 

between the actual and the future situation is evident in the role of an Influencer & Digital Role Model. In 

total, the roles of Talent Scout & Talent Developer, Change Manager, and Trend Seeker & Visionary are 

currently the most important in the personal day-to-day work of the respondents and will continue to be so 

in the future. As a further result of the survey, competence profiles were derived for the respective roles. 

Figure 4 contains the five most essential competences for each role as rated by the survey participants, as 

described in chapter three. 

 

✓ visionary & disruptive thinking
✓ ability to innovate
✓ strategic thinking
✓ curiosity & optimism
✓ creativity

✓ digital media competence
✓ communication skills
✓ customer- & market orientation
✓ creativity
✓ integrity & credibility

✓ coaching skills
✓ appreciation & employee orientation
✓ ability to motivate
✓ communication skills
✓ empathy & helpfulness

✓ digital media competence
✓ communication skills
✓ digital- & IT-skills
✓ ability to motivate
✓ integrity & credibility

✓ analytical skills
✓ data understanding & data analysis
✓ digital- & IT-skills
✓ profit- & result-orientation
✓ strategic thinking

✓ communication skills
✓ appreciation & employee orientation
✓ integrity & credibility
✓ ability to work in teams
✓ ability to motivate

✓ ability to motivate
✓ ability to change
✓ communication skills
✓ coaching skills
✓ dealing with uncertainty

Trend Seeker & Visionary Influencer & Digital Role Model

Talent Scout & Talent Developer Digital Communicator

Culture Manager

Data Analyst 

Change Manager

Figure 4: Seven roles of modern managers with the associated five most important competences 

Figure 3: Assessment of the current and future relevance of the individual management roles 
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Change Manager

Digital Communicator

Influencer & Digital Role Model
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Culture Manager
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high 
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very high 
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average relevance now average relevance in the future
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5. Interpretation and discussion

The developed competence-based role model provides a wide range of possible applications. The model 

reflects managers' central roles and competences in the context of current megatrends. Therefore, managers 

can use the competence-based role model to analyze their personal competence profile for their self-

assessment. Based on the seven roles of modern managers, it is possible to assess to what extent and in what 

way the different roles are fulfilled and where the further potential for development exists. In addition, the 

competence-based role model can be used for the external assessment of managers. Possible applications 

arise when filling new management positions. For example, the model can serve as a starting point for 

developing a job profile. Although the 60 participants represent different company divisions, age groups, 

and roles, it should be noted that they do not constitute a holistically representative sample. Therefore, the 

study results of the questioned managers are only transferable to a limited extent. In addition, the competence 

profiles of the roles were developed based on the results of the empirical survey. They reflect the average 

opinion of the survey participants.  

6. Conclusion

Nowadays, the day-to-day tasks of managers are highly complex and dynamic, as the environment for 

manufacturing companies is constantly changing in the context of digital transformation and current 

megatrends. Consequently, the required competences of managers and their roles are transforming. New 

competence-based role descriptions for managers are therefore necessary. In this paper, a competence-based 

role model of managers in manufacturing companies was presented, considering the influence of current 

trends. First, seven roles of modern managers were derived analytically and detailed based on role 

descriptions. In the course of an empirical survey of 60 managers from manufacturing companies, the roles 

were validated and analyzed in terms of their increasing relevance. Subsequently, in the context of the study, 

competence profiles were created for the respective roles with the help of a generated competence collection. 

Thus, the model describes and illustrates managers' central tasks and competences in role descriptions that 

arise from current megatrends. Future research is needed to transfer the findings into practice. To increase 

the benefits and possible applications, practical guidelines and trainings should be developed, enabling 

managers to develop their future competences in a more targeted manner. 
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Abstract 

Welding tasks in small and medium-sized enterprises (SMEs) are exemplary for high mix and low volume 

manufacturing. Today, 96 % of newly installed workplaces in SMEs are set up without a robot, although 

collaborative robot solutions for small lot sizes are emerging. In a study across the institutional ecosystem, 

technology providers, and technology adopters of the regional state Baden-Württemberg in Germany, SME 

technology adoption with respect to the use of collaborative robots was surveyed in form of expert interviews 

with feedback by direct users. The study helps SMEs to understand the necessary requirements and 

prerequisites for the design of collaborative work systems. As a result, the main barriers and potentials of 

the use of collaborative robots in welding in SMEs are presented, including ergonomic benefits to workers, 

the importance of skilled tradesmen in robot programming, and the lack of general robot knowledge across 

SMEs. Furthermore, the detailed analysis of two case studies gives insights into individual implementation 

processes at pioneering SMEs in this technological application field. 

Keywords 

Industrie 4.0; Human-Robot Interaction; Collaborative Robots; Technology Adoption; Small and Medium-

sized Enterprises. 

1. Introduction

For over ten years, Industrie 4.0 has held various promises for technological advances with regard to 

productivity, cost-efficiency, quality and flexibility improvements [1,2]. We define Industrie 4.0 as the 

existence of networked factory systems that use “intelligence” from sensors and algorithmic decision-

making to collaborate with other machines and humans within the factory, rather than operating 

independently [3]. Larger manufacturing companies have implemented multiple use cases based on Industrie 

4.0 technologies, while significant effects on productivity outcomes could not always be observed [4,5]. 

Although they represent a valuable fraction of industrial economies, small and medium-sized enterprises 

(SMEs) are especially lagging behind in terms of Industrie 4.0 technology adoption [6]. Large manufacturers 

are equipped with a multitude of industrial robots, and installations have grown steadily over the past years 

as robots have become more capable of both intelligence and networking across other factory systems [7]. 

SMEs have not yet reached the same level of automation due to limitations in economies of scale and 

investment budgets. 

SMEs are characteristically high mix and low volume manufacturing, which provides viable opportunities 

for the use of Industrie 4.0 technologies for increased flexibility [8], such as smarter and easier-to-program 
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robots that can support human-robot collaborations [3]. This study aims to explore Industrie 4.0 technology 

adoption with respect to the use of collaborative robots in welding processes at SMEs. The study is designed 

across the institutional ecosystem, technology providers, and technology adopters of the regional state 

Baden-Württemberg in Germany. 

This paper presents the findings from the study and is structured as follows. Chapter 2 explains the relevant 

backgrounds for collaborative robot welding in SMEs, including this study’s definition of SMEs, the basics 

of human-robot collaboration and the manufacturing ecosystem of collaborative robot welding. In chapter 

3, the study design and research methodology are presented. Chapter 4 encompasses the overall results of 

the study with technology adoption barriers and benefits, as well as two case studies with detailed 

information on the technology adoption at two representative SMEs. The limitations of the study are 

discussed in chapter 5, followed by the conclusions in chapter 6. 

2. Background: the use of collaborative robots in welding processes at SMEs 

SMEs represent 99 % of all businesses in the EU as well as in Germany [9,10]. SMEs are usually 

characterized by the headcount of employees, sometimes in combination with financial limits. According to 

the definition of the European Commission, SMEs are defined by a staff headcount of up to 250 employees 

and either a turnover of  €50 million or below or a balance sheet total of €43 million or below [9]. In addition 

to SMEs, the widely used but not clearly defined German term Mittelstand exists, which describes highly 

focused, very efficient and often family-owned enterprises of up to 500 employees [11,12]. For this study, 

the definition limit for an SME was set to up to 500 employees. 

As one of many technological advances of Industrie 4.0, the use of collaborative robots in the form of human-

robot collaboration (HRC) or human-robot interaction (HRI) has become a broad spectrum for research 

activities [13–16,3]. Human-robot collaboration has the potential to safely increase productivity of human 

labour and improve the ergonomics of manual tasks, by optimizing for the inclusion of a human participant 

in the decision-making loop as a member of a human-robot team [17]. A collaborative robot is a robot that 

is capable of collaborative operation, defined as an operation where purposely designed robots work in direct 

cooperation with a human within a defined workspace [18]. Thus, a collaborative operation is always defined 

by a combination of workspace and task specifics, resulting in four different interaction levels according to 

Behrens (2019): (1) shared workspace without shared task; (2) shared workspace and shared task without 

physical interaction; (3) Shared workspace and shared task that is ‘‘handed-over’’ from human to robot; and 

(4) shared workspace and shared task with physical interaction [19,20]. Users increasingly expect cobots to 

be easier to program than industrial or non-collaborative robots, often by the same shop-floor workers who 

share workspace with the cobots rather than dedicated robot programmers. 

The range of applications for use of collaborative robots includes assembly operations, transportation of 

goods, material handling and commissioning, machine feeding, service robotics, and the automation of 

unergonomic tasks, e.g. in welding. Welding is a manufacturing process to join materials, e.g. metals, by 

using high heat to melt different parts together and allowing them to cool, causing fusion [21]. Welding can 

be carried out with different filler materials and energy sources. In combination with a welding nozzle on a 

collaborative robot arm, different gas welding types are available [21]. 

This paper is concerned with an analysis of the manufacturing ecosystem and value chain of collaborative 

robots for welding, which is displayed in Figure 1. The value chain consists of technology providers and 

technology adopters as well as the end customers. The central group of technology adopters in this study is 

only represented by the sub-group of SMEs of up to 500 employees. In general, all types of metalworking 

manufacturing companies qualify as technology adopters and there are various examples for applications in 

larger manufacturing enterprises. The supplier side is represented by multiple stages of technology providers. 

The collaborative robots are produced by the original robot manufacturers, and then either sold via regionally 
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distributed resellers and integrators, or via a joint reseller/integrator organization. The end customers are not 

central in this study and have only been included as an external group with certain needs and requirements 

towards the technology adopting SMEs. The ecosystem of collaborative robot welding includes third-party 

institutions, associations and other funding bodies providing valuable assistance for SMEs and the other 

value chain entities. As new solutions such as easy programming becoming available, start-ups and other 

innovative service providers gain importance in the manufacturing ecosystem for collaborative robot 

welding. 

 

Figure 1: Manufacturing ecosystem for collaborative robot welding 

3. Study design and research methodology 

In the tradition of firm-level corporate interviews and factory tours across sociology and human factors 

research [22,23], this study consists of a field study with interviews of participants in the collaborative robot 

welding ecosystem of the German regional state Baden-Württemberg, from November 2021 – January 2022. 

The aim of the study is to analyse the Industrie 4.0 technology adoption of SMEs as well as the institutional 

ecosystem. According to the manufacturing ecosystem presented in Figure 1, the study covers four levels: 

(1) institutional ecosystem; (2) technology providers; (3) technology adopters; (4) workplace and workers. 

As mentioned beforehand, the study is focused on SMEs as technology adopters. The workplace level is 

included in the study in order to not only analyse the managerial decision making by SMEs, but also the 

potential shop floor changes through the introduction of new technologies and their implications for new 

skills and competence profiles. 

 

Figure 2: Study levels 

The study design as well as the execution of interviews were affected by the global coronavirus pandemic. 

Interview questionnaires were designed to be used for both in-person and remote interviews. Strict General 

Data Protection Regulation (GDPR) measures were applied in order to guarantee the anonymous and only 

study-related use of company data during and after the interviews. E.g. the interviewees were always free to 
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quit the interview or not to answer certain questions, and the raw data was held on secured servers reserved 

for this study only. 

The selection of participants for the study was made upon certain criteria to reach representative participants 

from each of the four study levels. Public and private ecosystem institutions were required to provide active 

support for SMEs to assess and acquire new Industrie 4.0 technologies. Criteria for technology providers 

were the provision of collaborative robots in an original manufacturer, reseller, or integrator role with 

multiple products sold to SMEs. Criteria for SMEs to be assessed as technology adopters were the workforce 

limit of up to 500 employees, the implementation of a cobot solution and the access to workplace insights. 

Because of the scarcity in SMEs with cobots for welding automation, the selection of participants was not 

made randomly, but through mainly publicly available information on pioneering SMEs with early 

installations. The analysis of the interviews from this field study is mainly based on qualitative data to 

explore the Industrie 4.0 technology adoption of the sample group. The analysis process is based on video 

and audio recordings, anonymised transcription of the recorded interviews, and attribution of codes for 

statements. A common transcription software was used for the transcription and coding activities. The 

clustering of codes allowed for detailed analysis of the interviews. The qualitative interview data serves to 

summarize technology adoption barriers and benefits for the sample group of interviewed participants. 

4. Study results: Industrie 4.0 technology adoption by SMEs in Baden-Württemberg 

During the field study from November 2021 – January 2022, 16 interviews were carried out with companies 

and institutions from Baden-Württemberg. The field of participants consists of 7 public ecosystem 

institutions, 1 private ecosystem start-up, 4 technology providers (who have collectively provided dozens of 

collaborative robots to SMEs), and 4 technology-adopting SMEs (representing a total of 862 workers who 

have been exposed to cobots, although only a handful of workers regularly interact with the robots). Each 

group was interviewed with an adapted semi-standardized questionnaire, which asked how companies 

decided to buy a robot, how they integrated the robot, how they chose and educated people to operate the 

robot, whether operation has differed from expectations, and how the robot itself might be improved. The 

interviews were recorded, transcribed and analyzed. All technology providers and adopters voluntarily 

provided access to their factories and workplaces. In this chapter, the results will be presented in an overall 

summary of technology adoption barriers and benefits deduced from all 16 interviews. Sections 4.1 and 4.2 

provide detailed insights into the technology adoption at SMEs through two case studies from representative 

companies, in which many of the barriers and benefits listed below can be identified. 

In general, the reported barriers for cobot welding adoption are relatively low– in stark contrast to the 

difficulties experienced by SMEs adopting industrial robots [6,8]. All participants of the ecosystem and 

especially the SMEs as users of the technology were satisfied or even surprised by the successful 

implementation process. Open-mindedness was mentioned the most as a crucial success factor or barrier, 

when missing. Table 1 lists further technology adoption barriers, especially with regard to the current 

limitations of the relatively new technology. 

Table 1: Summary of technology adoption barriers from the interviews 

Technology adoption barriers for welding cobots 

1. Mindset: Management and workers cannot be closed-minded about new technology 

2. Lack of cobot versatility: Humans can better adjust to unexpected events and perform complex/critical tasks 

3. Lot sizes: Cobot automation of jobs is rarely beneficial for very small (<5) and large lot sizes (>100) 

4. Physical interference: Cobot can only weld in certain positions without bumping into itself or other limitations 

5. Welding jigs: Cobots require new jigs to hold parts in place during robotic welding, while humans can use hands 

6. Monotonous leftover jobs: After partial automation, cobots may create boring and monotonous leftover tasks 
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The interviews shed light on various possible benefits of the Industry 4.0 technology adoption for SMEs. 

The introduction of cobot welding has several positive effects on the work system, e.g. improvements of 

human factors and ergonomics for workers [14,16]. The work organization allows the welding experts to be 

autonomous in terms of their decision of which work piece to weld manually or with cobot assistance. The 

ease of use even causes excitement for the job, and was mentioned by two firms as a selling point for 

attracting welding apprentices to adopting workplaces. Most of the process preconditions are fulfilled by the 

cobot, while output in terms of high and steady welding quality as well as reduced rework can be optimized. 

From a managerial standpoint, the relatively low investment cost seems to be over-compensated by savings 

for health insurance costs, reduced wages for contract welders, waste reduction, and flexibility gains in shift 

planning. See Table 2 for the list of technology adoption benefits from the interviews. 

Table 2: Summary of technology adoption benefits from the interviews 

Technology adoption benefits for welding cobots 

1. Human factors: Less toxic fumes breathed in by welders 

2. Human factors: Reduced stress for eyes, particularly for older workers 

3. Human factors: Reduced physical strain with regard to uncomfortable posture, particularly for older workers 

4. Task: Welding is a very suitable process for cobot automation due to tooling and relatively low feeding speed 

5. Quality: Cobots provide consistently high-quality welding results over a whole shift or longer 

6. Rework: Cobot welding can reduce the overhead on rework processing due to the homogeneity of welds 

7. Ease of use: Cobot programming is perceived as very easy to use by the welding experts 

8. Investment costs: Relatively low investment costs (ca. 50.000 € – 100.000 €) versus industrial robots 

9. Operating costs: Welding cobots can be cheaper than workers for repetitive, non-variable tasks 

10. Worker shortages: Automation of a fraction of welding jobs can help to cope with welding expert shortages 

11. Flexibility: Cobot use can be scaled up or down instead of hiring contractor workers 

12. Added shifts: Cobot can work through night shifts, holidays, and when humans are unwilling to work 

13. Worker autonomy: Welders can choose on their own which jobs to automate and which to do manually 

14. High-tech signalling: Adopting firms can use cobots to attract new workers and advertise to end customers 

 

Considering the task profile of human, collaborative or automated welding, different variables have to be 

taken into account when planning for the right individual workplace setup. In combination with other 

variables such as the geometry and length of welding parts and seams, the interviewees named the lot size 

of planned jobs as an important variable for the use of collaborative robots for welding. Even when jobs are 

technically feasible for welding with a collaborative robot, the process of programming the cobot for a small 

batch size takes too long to justify automation. In SMEs, this planning task is usually transferred to the 

welding expert with cobot programming skills, who decides which jobs to automate. From the interviews, 

these experts seemed to appreciate the additional workforce provided by the cobot. With growing, but rather 

low reported lot sizes, the programming efforts scale with the lot size. Since SMEs typically have high 

variety in their products and jobs, the lot size should be considered as a key variable in planning of cobot 

welding capacities. For higher lot sizes, cobot welding faces competition with existing industrial robot 

solutions, which tend to outperform them at scale even though the initial programming takes longer. 

However, other variables apply as well and need to be considered holistically. 

4.1 Case study 1: Medium-sized enterprise with movable welding cobot 

The first case study is based on the interview with the head of production of an SME from Baden-

Württemberg with 220 employees and annual revenues of about €23 million. The SME produces make-to-

order goods with smaller lot sizes. The SME has global customers, four international factory locations, and 
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delivers in the premium quality segment for special applications. The SME covers the full value-creation 

chain from electromechanical engineering and constructing, manufacturing, assembling, mounting, and 

servicing for the produced goods. With regard to the institutional ecosystem, the SME is member of the 

Chamber of Commerce and Industry (Industrie- und Handelskammer, IHK) and the German Welding 

Society (Deutscher Verband für Schweißen und verwandte Verfahren e.V., DVS). The SME regularly hosts 

three apprentices per year in its own facilities and is actively involved in the apprenticeship curriculum in 

collaboration with IHK and DVS. The SME also collaborates with research institutions for specific 

engineering-related projects and opens up its factory as a best practice for visits by other German 

manufacturing companies. 

As one of the first users of this technology, the SME set up a workplace consisting of a Universal Robot 

collaborative robot arm equipped with a welding tool and nozzle by an integrator. The workplace serves as 

an addition to other manual welding stations. In the initial setup from 2018, the cobot was attached to the 

welding table and able to be moved to various positions– which turned out to be too rigid (Barriers #2 and 

5). In order to build two separate workplaces next to each other, a five meter long linear axis was installed 

above the table with a hanging cobot solution in 2019. This new and current setup allows for the next job to 

be prepared by a human co-worker while another welding job is running. Usually, the preparation covers the 

removal of finished goods, the optional change of welding jigs, and the positioning of new welding pieces. 

Figure 3 and 4 show manual welding and the current cobot welding workplaces. 

The cobot welding solution was first identified as an innovation at a metalworking trade fair in 2017. With 

a suitable job of 100 identical parts to be delivered in 2018 (Barrier #3), both middle management and the 

owner were convinced that the relatively low investment costs would quickly pay off by freeing up more 

time for valuable human welders (Benefit #9) and improving workplace satisfaction by reducing welding 

fumes (Benefit #1). Except for welding time calculations, no other investment or cost-related calculations 

were made: the cobot’s welding speed was comparable to human welders (Benefit #4). Due to the steel types 

welded at this SME, it was crucial that the cobot welding solution acquired was capable of switching between 

metal inert/active gas (MIG/MAG) and tungsten inert gas (TIG) welding, which was satisfied by a market 

ready and integrated solution. The trust as well as the open-mindedness by the owner/CEO is typical for an 

SME and was important for the fast acquisition process (Barrier #1). The welding manager estimated that 

95 % of the firm’s welding jobs could theoretically be done by the cobot, yet the cobot is only responsible 

for about 3 % of jobs due to the burden of programming time for smaller batches.  

    

Figure 3 and 4: Workplaces for manual welding (left) and cobot welding (right) at the SME from case study 1 
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The SME identified further use cases for the application of a second cobot workplace, which is already 

planned as a next acquisition. The identified case would use another Universal Robots cobot to handle 

materials in an integrated IT system with an existing laser cutting machine, and could be used to add a night 

shift in addition to the current work organization (Benefit #12). The company is also trying to advance with 

the current welding cobot solution to weld thinner metal sheets as well as to add sensors to the welding tool 

for higher adaptability and quality (Benefit #5). 

4.2 Case study 2: Medium-sized enterprise with stationary welding cobot 

The second case study is based on an interview with three representatives of an SME from Baden-

Württemberg with 160 employees and annual revenues of about €26 million. The SME produces 

individually engineered machinery for a special branch application. The SME exports 80 % of its goods to 

global customers and offers a product range from small special machinery to small businesses, as well as 

premium and huge-dimension special machinery to industrial corporate firms. The SME covers the full 

value-creation chain from electromechanical engineering and constructing, manufacturing, assembling, 

mounting, and servicing for the produced goods. Over 70 current employees, i.e. nearly 50 % of the 

workforce, completed work-study apprenticeships in this company, and the SME hosts multiple apprentices 

per year in its own facilities. With regard to the institutional ecosystem, the SME as an early pioneer user 

collaborates with technology providers and research institutions in order to identify new improvement 

measures for the cobot welding workplace. Since 2007, the SME has built up and established its own lean 

production system, which is not typical for an SME, including a Kaizen system for continuous improvement 

processes, and various Lean principles and methods such as a milk run based on a Kanban system. 

As a pioneering SME, this company acquired a first version of an integrated cobot solution provider in 2017 

before its official market entry. The cobot is placed in an upright position on a typical welding table and can 

be flexibly moved (Barrier #4). As required by the SME from case study 1, the firm needed a solution to 

switch between the welding types MIG/MAG and TIG. With improvements during the last years, the 

analysed setup can be used for welding stainless steel plates of 1 mm or thicker. The cobot welding results 

were reported to be of high overall quality, leading to drastic reductions in rework after welding (Benefits 

#5 and 6). Figure 5 and 6 show the cobot welding setup with an exemplary, relatively complex work piece. 

    

Figure 5 and 6: Workplace for collaborative robot welding at the SME from case study 2 

The selection of programmers for the cobot was dependent on existing proficiency as a welding expert as 

well as open-mindedness (Barrier #1). At this SME, three welding experts were qualified for this role. One 

of them is under 22 years old, while the oldest is over 60 years old and appreciates the reduced eye strain 

from programming the robot instead of welding himself (Benefit #2). The training provided by the integrator 

took less than one day, followed up by 1-2 weeks of workers figuring out the programming on their own. 
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The direct users were surprised by the ease of use and improved ergonomics, and found joy in this new task 

(Benefits #3 and 7). The introduction of this technology was accompanied by the works council and did not 

lead to changes in wages paid, but to up-skilling and increased involvement of welders (Benefit #13). The 

SME built up expertise in their own construction of jigs and racks for welding automation (Barrier #5). In 

an exemplary joint effort by welding experts and the Lean production team, a high-volume job of 300-400 

pieces per year was set up for cobot welding, using a rack for five pieces per automated welding program. 

With help from shop floor welders, production managers have identified further work pieces to be welded 

by means of the cobot. Furthermore, the SME engages with research institutions to integrate sensor-based 

features for automated weld seam following, which could enable further applications and the need for 

standardisation of fabricated parts (Barrier #2). The management did not calculate the overall economic 

effects, but is convinced that the solution has led to several improvements for both workforce and company. 

The ease of use of cobot programming as well as the open-mindedness by the workers were stressed multiple 

times by the interviewees. 

5. Limitations of the study 

Although this study presents new insights, limitations are inherent in any study and should be transparently 

addressed. Due to the need to interview SMEs with the cobot technology in use, participants were not 

randomly selected. Another sample group could have resulted in different and further findings. The sample 

group of 16 participants including only 4 SMEs does not allow for broadly-applicable conclusions. As laid 

out in the research methodology, it was not planned to derive quantitative data from the interviews, but to 

perform a qualitative analysis on the ecosystem. The results from chapter 4 are promising for this approach. 

The authors look forward to continuing with interviews on this topic in order to gather further insights from 

the manufacturing ecosystem in an international context, especially focusing on the contribution of a publicly 

available qualitative and quantitative data set (see outlook in chapter 6). The interviews were carried out by 

four researchers from two research institutions from different continents and from three different professions. 

Despite the diverse backgrounds, researcher bias can be assumed. A predefined, semi-standardized 

questionnaire with a fixed set of questions was used to standardize and objectify the interviews. As another 

limitation, the interviews as well as the analytical work were carried out in German and English, which led 

to minor difficulties in the general understanding of translated technical terminology as well as colloquial 

expressions. The overall analysis results should not be affected by this. 

6. Conclusions 

This paper shows the results of a study with different participants of the collaborative robot welding 

ecosystem in Baden-Württemberg, Germany with a focus on SME technology adoption. In 16 interviews, 

several technology adoption benefits were identified, including worker safety, worker autonomy, quality and 

performance improvements, and organizational flexibility. Although technology adoption barriers exist, the 

reported limitations are mainly based on technological limitations of cobots, which can be assumed to be 

advancing with future developments, and the often-stressed managerial mindset of open-mindedness. The 

interview results highlight the feasibility of cobot welding solutions even for SMEs as a technology adoption 

group. Two case studies give detailed insights into the barriers and benefits experienced by early adopting 

SMEs, who proved to be successful pioneers of cobot welding in the analysed region. With first hand 

impressions of the workplace level, the perception of this new technology by SME workers can be described 

as very positive, with welding professionals easily becoming cobot programmers based on the latest market-

ready solutions. 
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The paper contributes to both academia and industrial practice. In contrast to other studies in which 

Industrie 4.0 technologies are too expensive and/or underdeveloped for use in manufacturing firms and 

especially SMEs, this study presents a solid picture of contemporary Industrie 4.0 technology adoption 

across a small subset of early-adopter SMEs [8]. The findings are based on interviews across the 

manufacturing ecosystem in a single regional state. Further industrial policy findings will be published in an 

according outlet. For industrial practice, the interview results and case studies serve as blueprints for other 

SMEs thinking of the adoption of similar cobot solutions. The interviewed companies were assisted with 

further assistance for own reflection with regard to improvement potentials. This research is part of an 

international comparative study between the industry-heavy regional states of Ohio, United States of 

America and Baden-Württemberg, Germany, which aims to better understand the workforce implications of 

robot adoption, and to support both SMEs and their workers in technological advancement. Future work will 

entail further interviews with robot-adopting SMEs and institutions, as well as additional analysis to build 

up a thorough data set for applied research purposes. 
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Abstract 

The unpredictable occurrence of a global pandemic and trade conflicts have currently shown us the fragility 
of global, industrial value chains. In contrast to this, local value creation structures have numerous potentials 
to meet present ecological, economic and social challenges (e.g. increasing the resilience of the manufactur-
ing sector, reducing CO2 emissions through smaller loops of value creation, empowering regional stakehold-
ers). This paper presents a study on local manufacturing designed to achieve a better understanding of the 
internal systematics of value creation in a local context using a sensitivity analysis. By modelling the causal 
effects, the direct and indirect influences of internal and environmental factors of local production as well as 
their independencies can be shown. This in turn will enable scenario analyses that show possible develop-
ments for local production systems arising due to changing social, political and technological factors. In the 
future these options may aid in decision-making processes aiming at a sustainable circular economy. 

Keywords 

Local Manufacturing; Distributed Manufacturing; Re-Distributed Manufacturing; Urban Manufacturing; 
Value Chain; Sustainability, Sensitivity Analysis 

1. Introduction

Recently, local value creation has been discussed as an instrument to reduce the increasing risks of complex 
global value chains (e.g. resource scarcity, trade barriers) and to expand the possibilities of sustainable pro-
duction (smaller value cycles, empowerment of regional actors) [1]. Current societal trends and challenges 
(individualisation, sustainable consumption) and technological innovations (flexibilization of production 
systems, new communication technologies, smart systems) could potentially promote this development [2–
4,1] . Thereby local value creation can have various forms: These may include regional value creation clus-
ters (e.g. Hamburg Aviation or Life Science Nord in the Hamburg region), decentralised production sites of 
globally operating enterprises, value creation through local crafts and the participation of citizens through 
fab labs or makerspaces.  

Reducing the size of the value creation cycles has the potential to improve the sustainability of product 
manufacturing [5]. If a value creation system is aligned with the local context in terms of product manufac-
turing, producers and demand, this forms a particularly good basis for small value creation cycles; local 
context meaning local production of goods, utilisation of local resources, addressing of local demands [6]. 
In this paper, we examine local production as a phenomenon that gravitates towards these three characteris-
tics and can thus be distinguished from global value creation.  
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2. Research Question and Motivation 

There are different and diverse approaches looking at the phenomenon of local value creation: e.g. Distrib-
uted Manufacturing, Re-Distributed Manufacturing, Local Production, Urban Production. Thereby the focus 
of consideration varies [6]. This variety of perspectives offers a broad picture of the different forms and 
characteristics of local manufacturing to the reader. But at the same time, the reader does not achieve a clear 
understanding of the object of study as the different foci (technological, economic, social perspective) distort 
the actual relevance of the key factors of local manufacturing. As a result, the attributes of local manufac-
turing bear the risk of being under- or overvalued depending on the viewing perspective.  

This paper presents a study that aims to contribute to a better understanding for the systematics of local 
manufacturing. A holistic perspective is taken on the object of study, in which political, social, economic 
and technological factors and their interactions are considered. Therefore, the research question is: Which 
internal and external factors of a local value creation system have a major impact on the implementation of 
local production, in the sense of:  

(A) The local production of goods (on site) 

(B) The use or inclusion of local resources in the production processes (equipment, actors, materials)  

(C) And the fulfilment of local demands 

3. Method 

The study is based on a systematic analysis that is guided by the methods according to Vester for the assess-
ment of complex systems [7–9]. Vester’s sensitivity analysis [8–10] facilitates the determination of interde-
pendencies between system dimensions in complex systems [8]. That way, options for a targeted develop-
ment of the system can be described [8]. The approach not only considers direct connections between system 
factors but also indirect causal effects as well as feedback effects and self-reinforcing (or self-weakening) 
loops. The goal is to identify representative patterns for the functioning of the value creation system in 
order to finally show possibilities for development of the system.  

Step 1 - System description: The system description serves to capture and also delimit the object of study 
[10]. The object of this study corresponds to systems of local value creation, which are characterized by the 
following attributes that can be viewed as dimensions [6]: (A) Local production of goods, (B) Utilization 
of local resources (stakeholders, materials), (C) Addressing of local demands.  

A value creation system aims to provide a material or immaterial service in a systematic and structured 
manner [11]. Value creation systems can be categorized as socio-technical systems [12]. They behave partly 
deterministic and partly probabilistic so that the predictability of their behaviour is limited [13][14]. 

Step 2 - Identification of influencing factors: To identify the influencing factors [10] about 90 texts were 
scanned that deal with different concepts of local manufacturing (e.g. Urban Manufacturing, Distributed 
Manufacturing, Re-Distributed Manufacturing) and thus take different perspectives regarding the object of 
study [6]. For the deeper analysis of the content those texts were chosen from which characteristic factors 
influencing local manufacturing could be derived. The choice of texts followed the principle of theoretical 
saturation [15]. The relevant influencing factors on local manufacturing were identified from the texts 
through a process of itemization, abstraction and condensation (further illustration of the approach, see [6]). 

Step 3 - Modelling of the causal network: The identified factors are put together in a causal network to 
capture the systemic interaction between them. This is based on the idea that a value creation system – while 
it is not deterministic – still has an inner order that can be uncovered to better understand the underlying 
systematics [14]. In the causal network the type of the different influencing factors, their causal effects 
among each other and the development over the course of time is assessed [10]. 
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Based on the literature review, the identified factors and their described interdependencies were transferred 
into a model that visualized the causal network using the software iModeler. The model was consolidated in 
moderated, interdisciplinary workshops (based on [10]) in order to achieve a realistic representation of the 
causal network. Through this process, the influences between factors that were often described as indirect 
influences in literature were successively reduced to their direct causal effects. Indirect effects between 
system factors were represented by causal chains based on the developed direct influences. 

The differentiation of direct and indirect factors in the model was important in order to determine the strength 
of the causal effects. This was done by comparatively assessing the causal effects of all input factors of one 
particular system factor. Therefore, the partial effect of an input factor was categorized into levels of impact 
(low 5%, moderate 10%, relevant 20%, significant 35%, essential 50%). The sum of the influences of all 
input factors is limited to a maximum of 100%. Throughout the assessment of the factors’ impacts, the sum 
was usually kept below the maximum of 100% to account for all influences not depicted in the model. Fur-
thermore, the causal effects between system factors over the course of time were considered (short-term: 1 
to 5 years, mid-term: 5 to 10 years, long-term: > 10 years). When several factors are connected in causal 
chains, the influence of indirect factors is calculated by multiplying the percentages of the influences along 
the chain. The influence of these indirect factors decreases depending on the distance. As a result, the strength 
of influences can be modelled more realistically by differentiating between direct and indirect factors. 

Step 4 - Evaluation of the causal effects in the model: Based on the developed model, the influences 
between system factors were analysed to answer the research question listed in Chapter 2. The aim is to 
identify the most important internal and environmental factors influencing local manufacturing, which can 
be described by three dimensions: (A) Local production of goods, (B) Utilisation of local resources, (C) 
Addressing of local demands. These dimensions are represented in the model by five main attributes of 
local manufacturing: Production at the place of need, Use of local (raw) materials, Implementation of 
production by local stakeholders, Production of individualised / locally adapted products, On demand 
production (refer to Table 1). The relevance of the impact of the system factors on the five main attributes 
of local manufacturing was assessed by evaluating the strength of influence of the direct and indirect input 
factors. The result is a comparative assessment of those factors influencing the main attributes of local 
manufacturing, which will be presented in the following. 

Table 1: Dimensions of local production and their depiction in the model 

Dimension of  
local manufacturing 

(A) Local production  
of goods 

(B) Utilisation  
of local resources 

(C) Addressing  
of local demands 

Main attributes of  
local manufacturing 

o Production at the place 
of need 

o Use of local (raw) materials 
o Implementation of production by 

local stakeholders 

o On demand production 
o Production of individualised / locally 

adapted products 

4. Findings 

The model includes a total of 160 factors. The characteristics of local manufacturing are represented by five 
main attributes in the model (refer to Table 1). The model also includes target factors of a local production 
(i.e. prosperity in the region, sustainable production), current trends (i.e. digitalisation, dynamization of the 
markets/the environment of value creation, individualisation, urbanisation) as well as other relevant factors 
(of technological, political, economic and social influence). Figure 1 shows an exemplary section of the 
model depicting the main key attribute production at the point of need with selected interactions. 
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Figure 1: Model of Local Production with an example close-up of an effect chain, showing production at the place of 

need as the central factor and selected direct and indirect influences 

4.1 Key factors influencing the local production of goods 

The dimension of local production of goods describes the spatially concentrated production at the place of 
demand. In the model, this dimension is represented by the factor production at the place of need. Driven 
by the trend of urbanization [16] production at the place of need will increasingly become production in the 
city in the future. 

 
Diagram 1: Top 10 factors influencing production at the place of need 

Diagram 1 shows the most important influences on the factor production at the place of need according to 
the model evaluation. The influences are intentionally not marked as positive or negative, since the manifes-
tation of the factor determines that, e.g. if the local cost for production areas is low, the influence on pro-
duction at the place of need is positive, but if the cost is high, it is negative. 

Production at the place of need stimulates sustainable product manufacturing by avoiding transport [17,18]. 
It reduces risks and costs of global logistics [19,4] and strengthens regional value creation structures and 
thus provides prosperity in the region. Furthermore, it has a direct impact on high quality of local life [20,21]. 
This factor is significantly determined by the economic efficiency of local product manufacturing. By reduc-
ing the sales market to the local area, cost-efficient production of small series  [22] and the spatial concen-
tration of demand (through urbanization) will have an increasingly, reinforcing influence on production at 
the place of need [23].  In contrast, rising costs for land in urban areas (trend: urbanization) [24,20,25,26] 
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will negatively influence economic efficiency of local product manufacturing in the future. Current trends 
toward more sustainable consumption, which will intensify in the future, will promote the emergence of a 
production at the place of need by increasing demand for locally produced products [3,4]. The availability 
of a local infrastructure suitable for production [24,21] and the acceptance of local residents [27] towards 
these forms of production remain essential for the development of local manufacturing [27].  

However, some influences of production at the place of need mentioned in the current academic discourse 
could not be confirmed within the model. I.e. urbanization, which has an ambivalent influence on production 
on site. On the one hand it promotes the emergence of local agglomerations and thus the spatial concentra-
tion of demand. On the other hand, it increases competition for local land [28,25], which increases the cost 
of local production space [20] and reduces the economic efficiency of local manufacturing. Furthermore, the 
increasing risks and costs of global logistic do not significantly influence production at the place of need, 
as they only affect the economic efficiency of local product manufacturing to a small to moderate extent.  

4.2 Key factors influencing the utilization of local resources  

The use of local resources in a local production encompasses the use of local (raw) materials and the 
involvement of regional actors, companies as well as workers, represented in the model by the factor imple-
mentation of production by local stakeholders.  

Use of local (raw) materials and implementation of production by local stakeholders strengthen the local 
value creation, support the creation and retention of regional jobs [3,29,17] and ultimately increase the pros-
perity in the region [20]. Additionally, the use of local (raw) materials through the downsizing of value-
added cycles and reduction of the global transport of goods leads to sustainable product creation [4,23].   

Diagram 2 and Diagram 3 show the comparative influence of the key factors on implementation of produc-
tion by local stakeholders and use of local (raw) materials respectively.  

At the moment, the use of local (raw) materials in local value-added cycles is especially determined by the 
(insufficient) availability of regional resources [30,22,1] and by possibilities for the economic extraction 
and processing of local resources. The relevance of local resource extraction, however, will decrease in the 
future while the recirculation of materials and products into value-added cycles will be raised. The increase 
of currently low disposal costs and low raw material prices as well as the consistent application of sustain-
able design principles [30], the modularity of products [31,4], the enhanced transparency along the value 
chain [32] and along the product life cycle will mid- to long-term significantly boost the relevance of recy-
cling as well as remanufacturing for the use of local (raw) materials in the context of local value creation. 

While the spatial proximity of the stakeholders (producer and user) does promote recycling as well as re-
manufacturing [33], it holds only secondary relevance compared to the aforementioned drivers (refer to 

 
Diagram 2: Top 10 factors influencing the implementa-
tion of production by local stakeholders 

 
Diagram 3: Top 10 factors influencing  
use of local (raw) materials  
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Diagram 3). The trend: sustainability and the related change of values will influence consumer behaviour 
long-term in so far that consumers will specifically call for the use and re-use of local resources [3]. 

The implementation of production by local stakeholders is dominated by the mostly lower labour costs 
abroad [4,34]. This factor’s relevance will however lessen in the future due to the assimilation of labour 
costs and due to attempts to impose standards along the value chain through regulations (e.g. supply chain 
law). The shortage of skilled workers on site will determine the implementation of production by local 
stakeholders mid- to long-term [35,27]. The involvement of local stakeholders will additionally be impacted 
by the production at the place of need and the related spatial proximity of the stakeholders [3,20,27]. 

4.3 Key factors influencing the addressing of local demands  

The dimension addressing of local needs is represented in the model by the following factors: on demand 
production and production of individualised / locally adapted products. The production of individualised 
/ locally adapted products refers to the potential of local manufacturing to adapt to the local or individual 
requirements of regional users (e.g. in terms of function, design). On demand production represents the 
ability to respond to local demand quickly and in the required quantities. 

Responding to local demands promotes sustainable manufacturing by avoiding overproduction and ware-
housing through ad hoc demand-driven production (on-demand) [28]. In addition, local, specific user re-
quirements are fulfilled and customer acceptance of locally manufactured products is increased [4,32].  

Diagram 4 and Diagram 5 show the compared relevance of the main factors to on demand production and 
production of individualised / locally adapted products in the context of a local production over time. 

The adaptability of local production determines its potential for the targeted fulfilment of local needs [30]. 
In the future, the importance of this factor will increase due to new, highly flexible production technologies 
[4,22,34], the generalization of production and the increased use of modular product structures [31]. The 
variability of locally produced goods also promotes addressing local needs, for instance through functional 
variability (e.g. through software customisation, modular product design) and product scale variability (e.g. 
the possibility to choose the production process depending on the production quantities) [34].  
Knowledge about local needs is gained through targeted identification of user needs, which has a high impact 
on addressing the local needs by concepts like co-creation or co-design [19,30,18] and the increasing abil-
ity to analyse large amounts of data (data mining, artificial intelligence) [34].  

In the future, changing consumer demands for individualisation and immediate availability of products will 
promote the emergence of demand-driven, ad hoc production in local contexts. 

The scarcity of space and related storage costs also have an important influence on on-demand production 
[18] in systems of local value creation when located in urban areas. 

 
Diagram 4: Top 10 factors influencing  
on demand production 

 
Diagram 5: Top 10 factors influencing  
production of individualised products  
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In contrast to some views in the literature [30,4,18], our model did not show that spatial proximity between 
producers and consumers facilitates addressing local needs. Instead, it can be assumed that knowledge of 
local needs can primarily be generated in ways other than spatial proximity (e.g. virtual cooperation between 
customer and producer in co-creation formats). 

4.4 Summary of the findings 

For an easier comparison of the analysis’ results, the most important factors of local manufacturing, the 
primary target factors and the key factors are summarized in Table 2. 

Table 2: Summary of the main attributes, target factors and key influencing factors of local manufacturing 

Dimension of local 
manufacturing 

(A) Local  
production of goods 

(b) Utilisation  
of local resources 

(c) Addressing  
of local demands 

Main attributes of 
local production 

Production at the 
place of need 

Use of local raw ma-
terials and materials 

Implementation of 
production by local 
stakeholders 

Production of indi-
vidualised / locally 
adapted products  

On demand produc-
tion  

Primary target 
factors 

o Sustainable pro-
duction of goods 

o Prosperity in the 
region 

o Sustainable pro-
duction of goods 

o Prosperity in the 
region 

o Prosperity in the 
region 

o Sustainable pro-
duction of goods 

o Fulfilment of local 
consumer demands 

o Sustainable pro-
duction of goods 

o Fulfilment of local 
consumer demands  

Key influencing 
factors 

o Economic effi-
ciency of local 
manufacturing 

o Local infrastruc-
ture suitable for 
production 

o Demand for lo-
cally produced 
goods 

o Acceptance of lo-
cal production by 
residents 

o Local costs for 
production areas 

o Cost-efficient 
production of 
small series  

o Trend: Sustaina-
bility 

o Spatial independ-
ence of R&D and 
Production 

o Competition for 
local land 

o Scarcity of space 

o Recycling 
o Re-Manufacturing 
o Risks and Costs 

of global logistics 
o Trend: Sustaina-

bility 
o Availability of re-

gional resources  
o Processing of lo-

cal resources 
o Application of 

sustainable design 
principles 

o Disposal costs 
o Prices of raw ma-

terial  
 

o Lower labour 
costs abroad 

o Shortage of skilled 
workers on site 

o Spacial proximity 
of the stakeholders  

o Production at the 
place of need  

o High quality of 
life on site   

o Economic effi-
ciency of local 
manufacturing 

 

o Adaptability / 
transformability of 
production  

o Identification of 
users need 

o Product variability 
o Trend: Demand for 

individualised 
products 

o Generalization of 
production 

o High degree of 
user involvement 

o Cooperative prod-
uct development 

o Modularity of 
products 

o Adaptable product 
model 

o Ability to analyse 
large amounts of 
data 

 

o Product-specific 
storage costs  

o Adaptability / 
transformability of 
production 

o Cost of warehous-
ing 

o Scarcity of space 
o Scarcity of land 
o Identification of 

users need 
o Generalization of 

production 
o Value chain and 

stakeholder respon-
siveness 

o Capital commit-
ment of product 
storage 

o High degree of 
user involvement 

o Ability to analyse 
large amounts of 
data  

The key factors influencing local manufacturing can be differentiated by being based primarily on techno-
logical, economic, political or societal developments. 

Product manufacturing addressing local needs is mainly driven by technological developments that focus 
on the adaptability of local value creation systems and the recording of the user’s needs. 

The development of production at the place of need is primarily influenced by political and societal drivers. 
While the adaptability of value creation systems does have a relevant influence on the economic production 
on-site, the negative influence of rapidly rising costs for local production sites caused by the merging of 
conurbations is more important. This challenge cannot only be solved technologically (e.g. by the downsiz-
ing and adapting of production technologies), but through political regulation. The availability of a suitable 
infrastructure for local manufacturing is also dependent on political decisions. Relevant societal drivers are 
the changing consumer behaviour and the rising demand for locally produced goods. 

The use of local (raw) materials benefits on a technological level from material and process innovations in 
order to achieve effective and efficient recycling and remanufacturing processes. The central drivers are 
rising costs for raw materials, energy and waste disposal (economic drivers), which depend on political de-
cisions (e.g. CO2 taxes, export bans on plastic waste). The implementation of production by local 
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stakeholders can benefit from the growing assimilation of labour costs as well as the political measures to 
avert the worsening shortage of skilled workers on-site. 

The differentiation between the key drivers of the main attribute of local manufacturing shows, that forms 
of sustainable, local value creation are not primarily driven by technological, operational or business model 
innovations, but by a combination of political and societal developments. In the end, political decisions will 
determine a production at the place of need (availability of space and of a suitable infrastructure) by local 
actors (international assimilation of labour costs, aversion of a shortage of skilled workers) while using local 
resources (promotion of a regional circular economy) for the fulfilment of local demand. 

In order to base such political decisions to promote local manufacturing on scientific findings, further re-
search is needed on the actual potentials and implementations for local production systems. In particular, 
multidimensional benchmarks must be developed in comparison to a global, industrial value creation. 

5. Discussion

Although the model shows the strengths of the influences of the mentioned factors in comparison to one 
another and describes potential short-, mid- and long-term developments of these factors, is has some limi-
tations. With its qualitative nature it sharpens the understanding for the systematics of local manufacturing, 
but it does not say anything about the probability of the actual occurrence of concrete developments. There-
fore, quantitative prognostic methods are needed. The complexity of the causal effects of the object of study, 
however, would not allow for a consistent quantification, which is why a qualitative approach was chosen 
here. In a next step, the model could be expanded through a systematic analysis of especially relevant sub-
systems, which are aimed at the quantification of the causal effects in order to be able to make more concrete 
statements regarding the development of the system within defined borders.  

6. Outlook

The presented model is able to sharpen the understanding for the key factors of local manufacturing on a 
technological, societal, political and economic level. Using these findings various scenarios can be generated 
to show different paths of development for local production systems. From these options concrete recom-
mendations of action for political, societal, operational and technological stakeholders can be derived in 
order to reach the goals mentioned in the introduction of this paper (e.g. reduction of CO2 emissions, em-
powerment of local actors). Nevertheless, the model cannot be considered complete since factors such as 
business taxes, etc. have not yet been depicted and would have to be added in the course of further text 
analyses. 
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Abstract 

To utilize the potential of machine and deep learning, enormous amounts of data are required. A common 

and beneficial approach is to share datasets between the parties involved for training purposes or even to 

release datasets to the public. However, several incidents have shown that despite anonymizing the data, 

attackers are still capable of identifying individuals in the data and extracting their sensitive information. 

The methods of differential privacy address this problem by adding a statistical noise to data points in the 

shared dataset. Since manufacturing data not only contains information about individual persons but also 

about the companies, their process knowledge, products, and orders add more complexity to the application 

of differential privacy compared to other domains. In this paper, we highlight why conventional methods of 

anonymization are not sufficient to guarantee data protection and thus present the necessity of using 

differential privacy. To illustrate its usefulness for manufacturing we present a specifc application scenario 

and examine potential threats when sharing manufacturing data. We identify mechanisms to perturbate data 

and map these to variable types in the manufacturing context. To guide practical application and research 

we finally outline existing differntial privacy libraries, and highlight current limitations. 

Keywords 

Local differential privacy; smart manufacturing, industrial Internet of Things, privacy preservation, LDP; 

1. Introduction

Driven by the digital transformation, traditional manufacturing is currently undergoing a change towards 

smart manufacturing. The digital transformation is especially initiated by key technologies such as the 

Internet of Things, 5G, CPSs, BigData, and Artificial Intelligence (AI) [1,2]. Due to the application of sensor 

technology and IT infrastructure, the amount of data generated during manufacturing processes are 

constantly increasing [3]. However, the amounts of data are often not sufficient to train generalizable 

machine learning or AI models. To address this issue, approaches such as the establishment of common data 

spaces and federated learning for collaborative training of algorithms are emerging [4]. Numerous real-world 

examples [5–7] have shown that sharing data with third parties is critical in terms of privacy violations. 

Typically, privacy is violated when attackers identify individuals in the published dataset and thus have 

access to sensitive information [8]. In the context of manufacturing, privacy threats are much more complex 

and increase since additional sensitive company-relevant data can be identified. For this reason, we 

contribute by mapping the concepts of differential privacy to the manufacturing context and presenting a 

real-world application scenario including perturbation mechanisms. At the beginning of the paper, we give 

an overview of the general motivations of differential privacy by comparing conventional methods and 

mentioning well-known privacy leaks. We then map the concept of differential privacy to manufacturing 

and specify the problem to machine manufacturers and their customers who operate the machines in their 
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factories. We then identify relevant parameters that occur in manufacturing, categorize them by variable 

type, and present examples of suitable differentially private mechanisms. Finally, we provide an overview 

of libraries and toolboxes for guiding the practical application of differential privacy, outline topics for 

further research and conclude the paper by highlighting the key points. 

1.1 Privacy concerns and the need for differential privacy 

Typical techniques to ensure the privacy of user data are masking, generalization, and k-anonymization. For 

additional security, these techniques can be complemented by encryption mechanisms such as 

homormorphic encryption [9]. However, the use of these techniques is vulnerable to a variety of attacks 

(e.g., linkage, reconstruction, and differentiation attacks). Linkage attacks for example use similar publicly 

available datasets to find similarities within the data. It has been proven that even a few data points are 

sufficient to uniquely identify individual persons [10,7]. The encryption of individual sensitive data points 

in a data series also involves vulnerabilities. If the attacker succeeds in gaining knowledge of the function 

used for encryption, the data can be decrypted again by systematically testing possible input values [11,12]. 

To overcome these problems, the research field differential privacy emerged. Differential privacy can be 

seen as a process 𝐴, applied to some data 𝐷. The process might be the estimation of the mean over the 

distribution of a dataset or a machine learning process to predict values. To achieve the formal definition of 

differential privacy the process 𝐴 has to be modified. This is usually done by adding noise at a certain point 

in the process. Adding the right amount of noise strongly depends on the use case and threat model.  

Considering two neighboring datasets 𝐷1and 𝐷2, where dataset 𝐷2 differs from dataset 𝐷1 by just a record 

of a person, the process 𝐴 is considered ε-differentially private if the output 𝑂 of the process is approximately 

the same when being applied to both datasets. This leads to approximately identical probabilities ℙ. The 

relationship between the two probabilities is described by the following definition [13]. 

ℙ[𝐴(𝐷1) = 𝑂]  ≤  𝑒𝜀 ·  ℙ[𝐴(𝐷2) = 𝑂]   (1) 

The mechanism used to add noise is dependent on the data type. Typically, the Randomized Response, 

Laplace, Gaussian, and Exponential mechanisms are used. The parameterization must be adapted in each 

case to the variable to be determined. Several real-world applications demonstrate the potential, but also the 

complexity, of differential privacy. Apple uses differential privacy to collect data from end-users of iOS or 

macOS [14,15]. For example, words that are typed by a sufficient number of users but are not yet in the 

dictionary are collected differentially private. Facebook created and released a dataset that provides 

information about user interactions with websites that have been shared on their platform [16]. 

2. Scenario of differential privacy in manufacturing 

While the purpose of Differential privacy is easily accessible when exposing data to the general public to 

protect the privacy of individuals, the transfer of use cases to manufacturing is not immediately apparent. 

Considering the paradigm shift from traditional production to autonomous manufacturing, the relevance of 

data-driven approaches to make manufacturing processes more efficient is constantly increasing. The 

importance of data for the optimization of processes, plants, and machines is accordingly high. Sharing 

company-related or process data in manufacturing is therefore unavoidable for companies. [17] 

During our research, we identified a common scenario that represents the current issues and concerns of 

manufacturing companies in merging and sharing data for training machine learning algorithms. There is a 

trend to improve the customer's process by offering value-added services additional to the machine itself, 

thus opening up new business areas [18]. The machine manufacturer (curator), wants to collect data from 

the machines in the customer's productive operation in order to subsequently optimize the machine. The 
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motivations can be constructive improvements of the machine through insights into the daily production 

operation, quality checks or improved control loops of the machine. [19] 

Regardless of whether the machine manufacturer wants to process the aggregated data of the customer with 

statistical methods, machine learning, or artificial intelligence, there are two possible ways (Figure 1) for the 

customer to share his data. The differential private mechanism 𝑀is either held by the curator (GDP-Model) 

or by the customer (LDP).[20]  

In the global differential privacy (GDP) model, the customer can share his raw data with the curator. In this 

case, the customer has to fully trust the curator. It is not necessarily defined how and whether the curator 

provides the data to third parties or other customers. The curator can aggregate the datasets of individual 

customers and thus host a dataset in total. Other customers or external parties can make requests to learn 

distributions of certain quantities in the dataset. The privacy of the customer data can be protected if the 

output of the query is appropriately noisy. 

In the local differential privacy (LDP) model, noise is added to raw data before sending it to the curator. This 

model has the advantage that the curator does not have to be trusted. It should be noted that data can be of 

any variable type. The concept of federated learning enables distributed learning of a shared neural network 

[4]. In this case, the curator only aggregates the weights of the model. Prior to this, the client trains the model 

on a local instance (e.g. edge-device). Privacy is achieved by adding noise to the gradients, objective, or 

output during the training of the model. The biggest advantage of federated learning is that the mechanism 

works reliably regardless of the data type. However, there are several disadvantages. The customer must 

have the computing resources to perform the training of the neural network on the edge. In addition, qualified 

specialists are needed to implement the necessary IT infrastructure and pipelines [21]. In consequence this 

leads to high costs related to setup and operation. If the purpose and benefits are not immediately apparent 

to the customer, skepticism arises and they are not willing to make investments. For this reason, we refer to 

a scenario in which the customer has no computing resources locally available. 

A more effective solution in terms of cost and effort is offered by adding noise directly to the raw data. Due 

to many different types of parameters and attributes occurring on the shopfloor in manufacturing, adding 

noise to raw data is more complex and must be adapted to the individual case. To select suitable mechanisms 

and therefore ensure privacy protection it is necessary to identify type of the variable first. 

 

Figure 1: Comparison between global and local differential privacy 
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3. Parameters in manufacturing and corresponding threats 

In order to apply differential privacy to use cases in the manufacturing context, we first determine parameters 

that occur in the manufacturing environment. The parameters can be divided into different categories and 

specified (see Table 1). Each parameter category represents different types of information. Consequently, 

there are different risks in the case of a violation of privacy. While the manufacturing process parameters 

describe the manufacturing process itself, the process parameters further specify the process with its 

attributes. These parameters contain the manufacturer's main process knowledge for creating the product. 

The environment condition parameters have an indirect influence on the process. The ambient temperature 

can influence the thermal expansion of components within the machine and the workpiece itself, which in 

turn affects the quality of the workpiece. The attributes listed below can be of different variable types. For 

the application of mechanisms to satisfy differential privacy, the variable type plays a decisive role. 

Table 1: Different kinds of sensitive parameters occurring in the manufacturing context according to [22] 

Parameter Category Attribute 

Manufacturing Process Parameters milling, turning, laser cutting, welding, casting, extrusion, stamping, assembling, etc. 

Process Parameters spindle speed, cutting speed, pressure, coolant, voltage, feed, current, force, torque, etc. 

Environment Condition Parameters humidity, temperature, date, time, rainfall, etc. 

Working Condition Parameters duration, shift, worker id, machine id, etc. 

Target Parameters quality, yield, productivity, OEE, KPIs, etc. 

Other Parameters manufacturing order, material, production numbers, geometric data, position, etc. 

 

If we assume a company shares a large dataset containing the variables listed above multiple threats about 

the company’s process knowledge as well as sensitive business information can arise which are not 

immediately apparent. A potential attacker can analyze environment condition parameters in the dataset and 

combine them with publicly available weather data. If there are sufficient matches over time it is possible to 

identify the company itself at its location. Together with other parameters such as manufacturing orders, 

date, material, supply chains, or even suppliers thus the order situation might be revealed. If the data is then 

complemented with target parameters, attackers can reveal the company's productivity and efficiency in 

production. Therefore, it would be possible to estimate the turnover or profit of a company.  

Corporate-related threats link to the process knowledge, which is required to produce workpieces efficiently 

while ensuring quality. Potential attackers can use the type of the manufacturing process, machine ID, and 

the associated process parameters to gain sensitive process knowledge about the setup of the machine during 

the ramp-up process. Another threat can occur if the position data of AGVs is regarded in conjunction with 

the time stamp. This allows attackers to determine the factory layout and retrace the production routes within 

the factory. The previously mentioned threats should not be regarded as comprehensive. These are only a 

few examples for illustrating the problems that can arise from exposing the mentioned variables. 

4. Data perturbation mechanisms 

Different mechanisms can be used to prevent the exposure of the previously listed threats by adding noise 

to data before sharing. However, the mechanism used is directly dependent on the variable type and its 

parameterization is not trivial. In the following, the most common variable types are explained and their 

context for manufacturing is presented. In addition, the mechanism by which differential privacy can be 

satisfied and the analogies to related areas are described. 
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Essentially, the Randomized Response, Laplace Mechanism, Gaussian Mechanism, or Exponential 

Mechanism are used to add noise [23,24]. Depending on the application case the functions are parameterized 

by the so-called sensitivity. Hereby the privacy budget from low to high can be adjusted. 

Most publications and thus algorithms refer to the assumption that a user owns a data set and a potential 

attacker issues a query (e.g. mean value of a numeric variable) to the user's database. The query can be 

connected by AND, OR conditions [25]. In this case, the noise will be applied to the true value and then sent 

to the potential attacker. Depending on the sensitivity, the database size, and the number of variables, the 

number of possible queries of a user has to be limited. In addition, the number of combinations of AND, OR 

conditions also has to be limited. Since the determination of the noise, as well as the boundary conditions to 

the queries, must be individually adjusted for each problem, the implementation is very extensive. 

Our desired approach is an algorithm that allows publishing the dataset under conditions of differential 

privacy instead of hosting a dataset and answering the queries of clients. The goal is to apply noise to a 

dataset so that it can be passed on to third parties without being concerned about query limitations. Sensitive 

information or process variables can not be identified in this case. But the data should still contain enough 

information to learn the statistical distribution of the variable. For example, it would still be possible to learn 

something about the wear of the machine and upcoming maintenance but it is not possible to determine the 

exact process parameters used for manufacturing the workpieces. In reality, many different and complex 

data structures exist. In the following, we present suitable mechanisms for each variable type and highlight 

the relation to manufacturing. 

4.1 Binary data 

The most straightforward approach to publishing a variable differentially private is for binary variables. A 

very effective approach is the so-called Randomized Response.[26] As an example, the question is asked 

whether the machine owner (user) has used coolant in a certain process section. The possible answers in this 

scenario are just yes=1 or no=0. Before answering the question, an imaginary coin is tossed. If the coin 

lands on heads, the user must answer truthfully. If the coin lands on tails, a second coin is tossed. If the 

second coin lands on heads the user answer with yes, otherwise with no. This algorithm is differentially 

private by definition. Therefore, the user can safely reveal the truth. Though noise is also being added to the 

data by the mechanism. However, if a large set of responses from different companies is received, the noise 

can be canceled out and the statistical distribution of the use of coolant in the process can be determined. 

However, it cannot be determined whether a specific company used coolant in its process or not. The most 

known application of this algorithm is called RAPPOR (extended with additional operations). It was 

developed and used by Google to determine the default search engines of Google Chrome users [27]. 

4.2 Numerical data 

Applying noise to numerical data can be achieved by using the Laplace or Gaussian mechanism [28]. These 

mechanisms represent a distribution with probability values and a scaling factor. If we ask a machine user 

how often the fixture did break during the last year, we expect a numerical value as a response. Before 

publishing the true value, the dataset holder selects a random value from the Laplace distribution, adds it to 

the true value, and then writes the perturbed value to the dataset. Instead of the correct number of fixture 

breakages, a noisy value is given. If multiple machine users report their insert breakage data, the machine 

manufacturer will be able to determine the average without revealing how often the insert really broke at 

each user. Other numerical queries could be the calculation of the mean over several data rows or the query 

about the numerical distribution of a parameter. For example, a querier (machine manufacturer) may ask the 

question, how often machine failures in the range of [0-9;10-19;20-29;…] occurred. The output would thus 

be a histogram, which can also be released under the satisfaction of differential privacy. It is possible to 

apply an individual noise to each count by applying the distribution function to each single count.  
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4.3 Categorical data 

Publishing categorical variables taking into account differential privacy can be seen as an extended version 

of Randomized Response. But instead of two categories (0 and 1), finite categories are possible. An 

implementation is the Google algorithm RAPPOR [29]. Other algorithms are the Local Hash method [30] 

and the Unary Encoding Method [31] which is the basic concept of RAPPOR. The Unary Encoding method 

(Figure 2) is very intuitive and is presented using an example in the manufacturing context. A querier 

(machine manufacturer) wants to know which clamping tools his customers use in their production. All 

parties agree that there are four different possibilities in total. These four possibilities are each represented 

by a position within a bit string. Position 1 in the bit string stands for the three-jaw chuck, position 2 for the 

four-jaw chuck, position 3 for the collet chuck, and position 4 for the centering tip. The customer now 

encodes his clamping tool used in production into the bit string. Then each bit is perturbed according to the 

Randomized Response method. The perturbed bit strings will then be sent to the querier. The querier adds 

up the individual positions in the bit string and can thus calculate a distribution of the clamping tools used. 

However, the querier does not know which exact clamping tool is used by which customer. It should be 

noted that the accuracy increases significantly with a higher number of contributions. 

 

Figure 2: Example of Unary Encoding according to [31] 

4.4 Time series data 

Time series are becoming increasingly important due to smart sensor technology and advances in data 

transmission rates. It is possible to reliably record data at high sampling rates, to process and store it outside 

the PLC. In the context of data analysis for monitoring machines or predicting the occurrence of events, the 

analysis of time series is of great relevance. In addition to sensor data, time series can also be 

multidimensional position data from IoT devices on the shopfloor. There is no generally valid way to obtain 

information from time series. For example, a time series (e.g. sensor signal) can be sampled with sliding 

windows. A querier might be interested in the average value of each sliding window. Then response would 

just be a noisy numeric value, as seen above. The analogy to the histogram mentioned before would be if the 

querier asks for the frequency spectrum of a periodic signal. However, it is also possible to publish several 

time series under the condition of differential privacy. For example, this can be achieved by a re-quantization 

mapping [32]. Another reference introduces a perturbation mechanism consisting of several single steps to 

satisfy differential privacy [33]. 

Coordinate, position, or trajectory data often differ from one-dimensional time series by the property of 

multidimensionality. Publishing coordinate data is rarely addressed in the literature. However, some papers 

show possible ways how this can be achieved. [34–36]  
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5. Available libraries and tools for implementing differential privacy 

In order to apply differential privacy efficiently in manufacturing scenarios, it is necessary to keep the 

implementation as simple as possible. It should be avoided to implement the algorithms from scratch since 

it is too error-prone. Libraries with single building blocks and ready-to-use mechanisms are the preferred 

alternative. There are several libraries available that provide the basic mechanisms for different 

programming languages (e.g. Python, Java, C, GO, C++). We give a brief overview about some of them. 

A library that enables the application of basic mechanisms is the Google Differential Privacy library [37]. 

With this library at the same time, the mechanisms can be built on existing frameworks such as Apache 

Beam. The Google RAPPOR library [29] enables the application of the RAPPOR algorithm which was 

previously presented in the context of the Randomized Response Method. The OpenDP project [38] also 

provides easy access to the mechanisms to apply them to individual data with the smartnoise library. IBM 

offers a library to use the discrete Gaussian mechanism [39]. Ektelo is also a framework for implementing 

privacy algorithms [40]. 

Furthermore, libraries exist that allow the training of neural networks under conditions of differential 

privacy. The Opacus [41] framework allows differentially private training of PyTorch models. Opacus is 

open source and offers a modular API. TensorFlow [42] also offers a library that enables the differential 

private training of neural networks. The OpenMined Project [43], with its Syft and Grid modules, applies 

differential privacy in the context of federated learning. The project is compatible with PyTorch and 

TensorFlow. The diffprivlib [44] by IBM offers basic mechanisms, which can be applied individually by the 

user. However, simple machine learning algorithms such as a random forest or a logistic regression can also 

be trained under differential privacy with the diffprivlib. 

Since it is not trivial to determine how the algorithms are implemented in detail in each library, a comparison 

was conducted by Garrdio et.al [45]. The libraries were compared qualitatively, and quantitatively with four 

different types of queries using synthetic and real-world datasets. All libraries were suitable for productional 

use, however, they differ strongly in the function range. However, no library satisfies a universal utility for 

all applications. [45] 

6. Directions for future research 

The practical examples in section 5 show that specific mechanisms are needed considering different variable 

types. Extending the mechanisms to publishing multidimensional data, i.e. mixed data containing numeric 

and categorical data types, is not trivial. Research shows that applying the mechanisms to the individual 

attributes yields poor results. Therefore, solutions must be developed that can perturb multidimensional 

datasets in total containing numeric and categorical variables with the optimal worst-case error. [46–48]. 

The given examples also show that different queriers who act independently externally but combine their 

knowledge gained later, must be taken into account during the design of a LDP system. This comes into 

effect if other third parties can have access to the data instead of just the machine manufacturer. In case of 

doubt, the number of requests from each querier and the number of same requests must be limited [49]. If 

each analyst receives a slightly different answer, analysts could collaborate and calculate the mean of their 

answers. In a worst-case scenario, they are able to determine the true value. In this case, it makes sense to 

limit the number of queries and send the same answer to each analyst [28]. After defining the collaborators 

and the variable types to be published have been determined, the mechanisms for adding the noise must be 

suitably parameterized. Since the parameter epsilon 𝜀 is a measure of privacy and is also needed for the 

parameterization of the mechanisms, the choice of this value is very crucial. Currently there is no best 

practice for setting 𝜀 for a desired privacy utility tradeoff. Thus it would be helpful if early adopters of 

differential privacy could share their 𝜀 values from real-world applications [50]. 
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In the long term, it would be desirable to be able to publish entire differentially private datasets [49]. In the 

context of Open Science, the release of whole datasets would also be advantageous. Companies could share 

their data with the machine learning community without having any privacy concerns. The use of machine 

learning and artificial intelligence would become more quickly applicable through the collaborative work of 

the community and thus take a further step toward autonomous production. 

7. Conclusion

By identifying and defining an application scenario, mapping the concepts of LDP to the manufacturing 

context, we have shown that the demands and potential threats to privacy leaks when publishing or sharing 

data with third parties are of a different kind compared to the threats when considering public datasets for 

the protection of individual personal data. It must be understood that the company's process knowledge can 

be leaked by sharing production data with third parties. Beyond important process information, which is 

necessary to produce cost-effective products, sensitive business data as well as strategic data can be revealed. 

To apply LDP in the manufacturing context, it is mandatory to analyze the use case in advance. It should be 

asked who will have access to what kind of data and which potential threats can arise by sharing the data. 

From the point of view of the curator (machine manufacturer), it must be taken into account that the data 

amounts must be correspondingly large in order to learn valid insights. In general, when publishing 

differentially private data, it must be taken into account that there is a tradeoff between accuracy and privacy. 

There is no generic approach for determining the ideal value of the parameter yet.  

Acknowledgments 

This work was partially supported by a grant from the Federal Ministry of Education and Research providing 

for this work through the project “DigiBattPro 4.0” and from the State Ministry of Baden-Wuerttemberg for 

Economic Affairs, Labour and Tourism (Project “KI-Fortschrittszentrum: Lernende Systeme und Kognitive 

Robotik”). 

References 

[1] Arinez, J.F., Chang, Q., Gao, R.X., Xu, C., Zhang, J., 2020. Artificial Intelligence in Advanced Manufacturing:

Current Status and Future Outlook. Journal of Manufacturing Science and Engineering 142 (11).

[2] Monostori, L., Kádár, B., Bauernhansl, T., Kondoh, S., Kumara, S., Reinhart, G., Sauer, O., Schuh, G., Sihn,

W., Ueda, K., 2016. Cyber-physical systems in manufacturing. CIRP Annals 65 (2), 621–641.

[3] Wang, L., 2019. From Intelligence Science to Intelligent Manufacturing. Engineering 5 (4), 615–618.

[4] Savazzi, S., Nicoli, M., Bennis, M., Kianoush, S., Barbieri, L., 2021. Opportunities of Federated Learning in

Connected, Cooperative, and Automated Industrial Systems. IEEE Commun. Mag. 59 (2), 16–21.

[5] Arvind Narayanan, Vitaly Shmatikov, 2006. Robust De-anonymization of Large Datasets (How to Break

Anonymity of the Netflix Prize Dataset).

[6] M. Douriez, H. Doraiswamy, J. Freire, C. T. Silva, 2016. Anonymizing NYC Taxi Data: Does It Matter?,

in: 2016 IEEE International Conference on Data Science and Advanced Analytics (DSAA). 2016 IEEE

International Conference on Data Science and Advanced Analytics (DSAA), pp. 140–148.

[7] Pierangela Samarati, L.S., 1998. Protecting Privacy when Disclosing Information: k-Anonymity and Its

Enforcement through Generalization and Suppression.

[8] Liu, K., Giannella, C., Kargupta, H., 2008. A Survey of Attack Techniques on Privacy-Preserving Data

Perturbation Methods, in: Aggarwal, C.C., Yu, P.S. (Eds.), Privacy-preserving data mining. Models and

algorithms, vol. 34. Springer, New York, NY, pp. 359–381.

[9] Singh, N., Singh, A.K., 2018. Data Privacy Protection Mechanisms in Cloud. Data Sci. Eng. 3 (1), 24–39.

[10] Martin M. Merener, 2012. Theoretical Results on De-Anonymization via Linkage Attacks. Transactions on

Data Privacy 5 (2), 377–402.

489



[11] Naveed, M., Kamara, S., Wright, C.V., 2015. Inference Attacks on Property-Preserving Encrypted Databases,

in: Proceedings of the 22nd ACM SIGSAC Conference on Computer and Communications Security. CCS'15:

The 22nd ACM Conference on Computer and Communications Security, Denver Colorado USA. 12 10 2015 16

10 2015. ACM, New York, NY, pp. 644–655.

[12] Rigaki, M., Garcia, S., 2020. A Survey of Privacy Attacks in Machine Learning.

https://arxiv.org/pdf/2007.07646.

[13] Dwork, C., 2006. Differential Privacy, in: Hutchison, D., Kanade, T., et.al. (Eds.), Automata, languages and

programming. 33rd international colloquium, ICALP 2006, Venice, Italy, July 10-14, 2006; proceedings, vol.

4052. Springer, Berlin, pp. 1–12.

[14] A. G. Thakurta, A. H. Vyrros, U. S. Vaishampayan, G. Kapoor, J. Freudiger, V. R. Sridhar, and D. Davidson.

Learning new Words.

[15] Differential Privacy Team, 2017. Learning With Privacy at Scale.

[16] Messing, S., DeGregorio, C., Hillenbrand, B., King, G., Mahanti, S., Mukerjee, Z., Nayak, C., Persily, N., State,

B., Wilkins, A., 2020. Facebook Privacy-Protected Full URLs Data Set.

[17] Braud, A., Fromentoux, G., Radier, B., Le Grand, O., 2021. The Road to European Digital Sovereignty with

Gaia-X and IDSA. IEEE Network 35 (2), 4–5.

[18] Siderska, J., Jadaan, K.S., 2018. Cloud manufacturing: a service-oriented manufacturing paradigm. A review

paper. Engineering Management in Production and Services 10 (1), 22–31.

[19] Wang, K., 2006. Data Mining in Manufacturing: The Nature and Implications, in: Wang, F., Wang, K., Kovacs,

G., Wozny, M., Fang, M. (Eds.), Knowledge enterprise: intelligent strategies in product design, manufacturing,

and management. Proceedings of PROLAMAT 2006, IFIP TC5 international conference, June 15-17 2006,

Shanghai, China, vol. 207, 1. Ed. ed. Springer, New York, NY, pp. 1–10.

[20] Mahawaga Arachchige, P.C., Bertok, P., Khalil, I., Liu, D., Camtepe, S., Atiquzzaman, M., 2019. Local

Differential Privacy for Deep Learning 7. https://arxiv.org/pdf/1908.02997.

[21] D Sculley, Gary Holt, Daniel Golovin, Eugene Davydov, Dan Dennison, 2015. Hidden Technical Debt in

Machine Learning Systems. Advances in Neural Information Processing Systems, 2494–2502.

[22] Wang, K., 2007. Applying data mining to manufacturing: the nature and implications. J Intell Manuf 18 (4),

487–495.

[23] Aggarwal, C.C., Yu, P.S. (Eds.), 2008. Privacy-preserving data mining: Models and algorithms. Springer, New

York, NY, 513 pp.

[24] Hassan, M.U., Rehmani, M.H., Chen, J., 2020. Differential Privacy Techniques for Cyber Physical Systems: A

Survey. IEEE Commun. Surv. Tutorials 22 (1), 746–789.

[25] Yang, M., Lyu, L., Zhao, J., Zhu, T., Lam, K.-Y., 2020. Local Differential Privacy and Its Applications: A

Comprehensive Survey, 24 pp. https://arxiv.org/pdf/2008.03686.

[26] Warner, S.L., 1965. Randomized Response: A Survey Technique for Eliminating Evasive Answer Bias. Journal

of the American Statistical Association 60 (309), 63.

[27] Erlingsson, Ú., Pihur, V., Korolova, A., 2014. RAPPOR: Randomized Aggregatable Privacy-Preserving Ordinal

Response, 14 pp. https://arxiv.org/pdf/1407.6981.

[28] Leoni, D., 2012. Non-interactive differential privacy, in: Proceedings of the First International Workshop on

Open Data. the First International Workshop, Nantes, France. 5/25/2012 - 5/25/2012. ACM, New York, NY, p.

40.

[29] Google. RAPPOR. https://github.com/google/rappor. Accessed 3 February 2022.

[30] Bassily, R., Smith, A., 2015. Local, Private, Efficient Protocols for Succinct Histograms, in: Proceedings of the

forty-seventh annual ACM symposium on Theory of computing. STOC '15: Symposium on Theory of

Computing, Portland Oregon USA. 14 06 2015 17 06 2015. ACM, New York, NY, pp. 127–135.

[31] Tianhao Wang, Jeremiah Blocki, and Ninghui Li, Somesh Jha. Locally Differentially Private Protocols for

Frequency Estimation, in: , Proceedings of the 26th USENIX Security Symposium, vol. 26.

[32] S. Xiong, A. D. Sarwate, N. B. Mandayam, 2016. Randomized requantization with local differential privacy,

in: 2016 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP). 2016 IEEE

International Conference on Acoustics, Speech and Signal Processing (ICASSP), pp. 2189–2193.

[33] Ye, Q., Hu, H., Li, N., Meng, X., Zheng, H., Yan, H., 2021. Beyond Value Perturbation: Local Differential

Privacy in the Temporal Setting. INFOCOM 2021 - IEEE Conference on Computer Communications, 1–10.

490



[34] Bi, M., Wang, Y., Cai, Z., Tong, X., 2020. A privacy-preserving mechanism based on local differential privacy

in edge computing. China Commun. 17 (9), 50–65.

[35] Jiang, K., Shao, D., Bressan, S., Kister, T., Tan, K.-L., 2013. Publishing trajectories with differential privacy

guarantees, in: Proceedings of the 25th International Conference on Scientific and Statistical Database

Management. the 25th International Conference, Baltimore, Maryland. 7/29/2013 - 7/31/2013. ACM, New

York, NY, p. 1.

[36] Kim, J.W., Kim, D.-H., Jang, B., 2018. Application of Local Differential Privacy to Collection of Indoor

Positioning Data. IEEE Access 6, 4276–4286.

[37] Google. Google Differential Privacy. https://github.com/google/differential-privacy. Accessed 3 February 2022.

[38] OpenDP. smartnoise-sdk. https://github.com/opendp/smartnoise-sdk. Accessed 3 February 2022.

[39] IBM. discrete gaussian differential privacy. https://github.com/IBM/discrete-gaussian-differential-privacy.

Accessed 3 February 2022.

[40] Ektelo. Ektelo. https://github.com/ektelo/ektelo. Accessed 3 February 2022.

[41] Opacus. Opacus. https://opacus.ai/. Accessed 3 February 2022.

[42] TensorFlow. TensorFlow Privacy. https://github.com/tensorflow/privacy. Accessed 3 February 2022.

[43] OpenMined. PySyft. https://github.com/OpenMined/PySyft. Accessed 3 February 2022.

[44] IBM. differential-privacy-library. https://github.com/IBM/differential-privacy-library. Accessed 3 February

2022.

[45] Garrido, G.M., Near, J., Muhammad, A., He, W., Matzutt, R., Matthes, F., 2021. Do I Get the Privacy I Need?

Benchmarking Utility in Differential Privacy Libraries, 13 pp. https://arxiv.org/pdf/2109.10789.

[46] Nguyên, T.T., Xiao, X., Yang, Y., Hui, S.C., Shin, H., Shin, J., 2016. Collecting and Analyzing Data from

Smart Device Users with Local Differential Privacy, 11 pp. https://arxiv.org/pdf/1606.05053.

[47] Wang, N., Xiao, X., Yang, Y., Zhao, J., Hui, S.C., Shin, H., Shin, J., Yu, G., 2019. Collecting and Analyzing

Multidimensional Data with Local Differential Privacy. https://arxiv.org/pdf/1907.00782.

[48] Wang, T., Ding, B., Zhou, J., Hong, C., Huang, Z., Li, N., Jha, S., 2019. Answering Multi-Dimensional

Analytical Queries under Local Differential Privacy, in: Proceedings of the 2019 International Conference on

Management of Data. SIGMOD/PODS '19: International Conference on Management of Data, Amsterdam

Netherlands. 30 06 2019 05 07 2019. Association for Computing Machinery, New York,NY,United States, pp.

159–176.

[49] Mohammed, N., Chen, R., Fung, B.C., Yu, P.S., 2011. Differentially private data release for data mining,

in: Proceedings of the 17th ACM SIGKDD international conference on Knowledge discovery and data mining.

the 17th ACM SIGKDD international conference, San Diego, California, USA. 8/21/2011 - 8/24/2011. ACM,

New York, NY, p. 493.

[50] Dwork, C., Kohli, N., Mulligan, D., 2019. Differential Privacy in Practice: Expose your Epsilons! JPC 9 (2).

Biography 

Sascha Gärtner (*1993), is a research associate at the Fraunhofer Institute for 

Manufacturing Engineering and Automation (IPA) in Stuttgart, Germany. As part of 

his work in the Competence Center for Digital Tools in Production, he researches the 

practical application of artificial intelligence methods in the smart manufacturing 

environment. 

Michael Oberle (*1984) is a computer scientist and group leader working in the 

field of smart manufacturing with a focus of data-driven and event- driven 

production control services. One of his main achievements is the fully connected 

cloud-controlled battery manufacturing pilot line at Fraunhofer IPAs technical centre 

for battery manufacturing. 

491



DOI: https://doi.org/10.15488/12160 

CONFERENCE ON PRODUCTION SYSTEMS AND LOGISTICS 

CPSL 2022 

__________________________________________________________________________________ 

3rd Conference on Production Systems and Logistics 

Generation of a Data Model For Quotation Costing Of Make To 

Order Manufacturers From Case Studies

Katharina Berwing1, Günther Schuh1, Volker Stich1 
1 FIR at RWTH Aachen, Aachen, Germany 

Abstract 

For contract or make to order manufacturers, quotation costing is a complex process that is mainly performed 

based on experience. Due to the high diversity of the product range of these mostly small or medium-sized 

companies (SMEs) and the poor data situation at the time of quotation preparation, the quality of the 

calculation is subject to strong variations and uncertainties. The gap between the initial quotation costing 

and the actual costs to be spent (pre- and post-calculation) is crucial to the existence of SMEs. Digitalization 

in general can help companies to get a better understanding of processes and to generate data. For improving 

these processes, an understanding of the important data for that specific process is crucial.  Accurate 

quotation costing for customized products is time-consuming and resource-intensive, as there is a lack of an 

overview of data to be used within the process. This paper therefore derives a data model for supporting 

quotation costing in the company, based on literature-based costing procedures and recorded case studies for 

quotation and calculation. Based on the results, SMEs will have a first overview of the needed data for 

quotation costing to optimize their calculation process.   

Keywords 

Calculation costing; pre- and post-calculation; data model; make to order manufacturer 

1. Introduction

As stated above, the quotation costing is a very manual and time-consuming process with often inaccurate 

results for make to order manufacturers. The general digitalization trend can help these companies to 

improve the results by using valid and extensive data. As a first step to do so, companies must know, which 

data are important for the calculation process. The data can be shown in a data model derived from case 

studies of different make to order manufacturers to learn, how equal or different they use data for the 

quotation costing process. 

Today, companies in all industries are faced with the major challenge of digitizing their processes and using 

IT systems so that business processes can be carried out more automatically and efficiently. IT is assuming 

the role as an enabler of digitization in this process. [1] With the trend of digitalization in companies, the 

value of data has also been recognized. [2] The availability of information, and thus the ability to generate 

knowledge from data, significantly determines the competitiveness of a company. [3] IT systems in use 

require and generate data, which in turn can be used to optimize business processes and act more 

economically. However, there are some processes that still require a lot of manual work and personal 

experience. One of these is the process for quotation calculation in companies that produce individual 

products for customers (make to order manufacturers). To improve that complex and time-consuming 

process, an understanding of the actual data used and a generation of a data model with all needed data is 
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the first step to reach a data-based calculation. This paper deals with identifying the used data for quotation 

calculation from case studies and deriving a data model to optimize that process.  

2. Theoretical background 

In the following, the general problem statement and the theoretical foundations are described as well as the 

state of the art in the field of quotation costing for SMEs. 

2.1 Problem statement and theoretical foundations  

Calculation costing determines the costs for the production of a product or service unit. While direct costs 

can be allocated to an individual product or order, the allocation of overhead costs according to their cause 

is a major challenge for contract manufacturers. [4] [5] Quotation costing is the calculation for the first 

quotation for the customer. The challenge in quotation costing for contract manufacturers is that the 

quotation should be customer-oriented on the one hand, by determining the customer's upper price limits, 

and cost-oriented on the other hand, by determining the cost-covering lower price limit. [6] Companies with 

a high degree of complexity, such as contract manufacturers, require a much more detailed cost accounting 

system in order to be able to compete in the market than companies with a lower degree of complexity. 

However, a study shows that this is not implemented in practice, resulting in mostly inaccurate cost 

statements. [7]   

Make to order manufacturers use different methods for quotation costing (kilo-cost method, material cost 

method, division costing, similarity costing, equivalence number costing, surcharge costing, target pricing), 

which, however, are all characterized by a lack of precision due to the large proportion of estimated and 

empirical values. [8] A study on quotation costing shows that overhead costing is by far the most frequently 

used costing method. [7] However, this highly simplified method only allows a limited allocation of cost by 

its causes. The specific procedure for identifying the prime cost for the quotation calculation differs in the 

practical application in different companies, the theoretical goal however is always to find the exact costs 

that are spent to produce a good. 

A fast and precise quotation calculation represents an important competitive factor in industrial sectors, due 

to the fierce competition, the result must already have a very high quality. [9]  To be able to allocate costs 

according to causes would therefore mean an enormous gain regarding the quality of the quotation costing. 

Activity-based costing aims to allocate costs according to their cause and can thus reveal inefficiencies. But 

this type of cost accounting is only suitable for repetitive tasks and thus cannot be implemented in a 

meaningful way as a costing methodology for make to order manufacturers. [10] With increasing product 

variety and differences in the number of units, the allocation of costs within the company according to their 

cause becomes increasingly complex and difficult to implement economically. [11] For the calculation of a 

quotation this means that in contradiction to the great uncertainty of cost statements at the beginning of a 

project, there is the requirement of exact cost target setting. [11]  

2.2 State of the Art 

With the help of the repeatability of calculation results, it is possible to assess the calculation results in terms 

of their quality. The degree of standardization of methods correlates positively with the repeatability. A study 

shows that while 90% of respondents attach high or very high importance to repeatability, less than a third 

of companies are able to achieve this goal. Consequently, repeatability and the degree of standardization are 

considered significant by companies, but they are only partially able to meet this goal. [7]  

Based on an automatic analysis of CAD models of a work piece without detailed work and production 

planning, KNOBLACH has developed a system for a fast quotation calculation for flexible processes of sheet 

metal part production and for production with progressive dies. [12] This procedure finds an application 
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exclusively for sheet metal parts with specific process and manufacturing peculiarities (consideration of 

procedures of the shearing and laser cutting). All in all, the approach becomes very company-specific, since 

the respective company-specific cost structure must be represented in the calculation scheme. Another 

possibility is the approach of HAUSCHILD, who dealt with dynamic quotation costing for contract 

manufacturers. The aim of his work is to improve the internal coordination of the departments involved in 

costing (production, sales, purchasing). In addition, he has taken into account the time variability of the input 

variables used in his approach in order to increase the meaningfulness of the quotation costing. [13] In this 

approach a strong focus is put on the temporal factors of the in- and out payments and the data needed and 

available for a quotation costing is rather neglected. Due to the only sporadic use of corporate IT at the time 

of both publications, the data available in times of a variety of production systems are not taken into account, 

which leads overall to a non-transferable approach. 

With the help of special costing procedures, the costs for geometrically similar parts can be identified by 

providing geometrically based cost forecasts. [14] [15] In the application, an IT-supported, database-based 

costing model for project-accompanying costing has been developed, which consists of a coupling of 

methods for processing technical and business information and product costing. The procedure is based on 

feature descriptions of the production parts and uses the procedure of Case Based Reasoning. [16] However, 

the approach is not suitable for evaluating different components or for comparing different manufacturing 

processes. Furthermore, the approach focuses on product-accompanying costing and not on the process of 

quoting before manufacturing starts.  

In addition, there are also approaches that use artificial intelligence algorithms to approach the topic of 

manufacturing costs. However, these refer to other areas of application that can be calculated with simpler 

rules than make to order manufacturing (e.g. additive manufacturing, mass customization). [17] [18] 

WESTEKEMPER has looked into the methodology of quotation pricing for contract manufacturers. Initial 

costing procedures can also be found here, but the research focus is on pricing procedures, which addresses 

a completely different focus. The costing procedures he stated do not go beyond the state of the art. [19]  

A final look at the existing software landscape in the area of quotation costing shows that the existing 

software supporting this process either focuses on a specific industry (mainly automotive), or does not 

contain its own data model for the relevant data to be used, but transfers the previously manually calculated 

criteria into a software environment. This, in turn, is to be seen more as a digitization step and does not 

improve the general process. 

In conclusion, it is clear from the state of the art that there are a variety of approaches for supporting quotation 

calculation for contract manufacturers. What is lacking so far, is a data-driven approach that supports a direct 

improvement of the general calculation process as well as the calculation result through an easy application. 

3. Methodological approach 

In order to develop a data-supported or data-based quotation calculation, the data and criteria used by 

different companies within the quotation process are recorded in the methodical procedure by means of case 

studies. These different data are merged in a data model, which enables a later application in an IT system 

and thus represents a first step towards an actual data-based quotation costing. The research question can be 

formulated as follows: 

“What data is used in the quotation costing process of different make to order manufacturers and how does 

a data model look like based on these information?” 

Research Procedure 
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First, case studies have been conducted in semi-structured interviews. The companies for the case studies 

were selected according to the following criteria: customer-specific production, complex product structure, 

make to order manufacturer (one-time or small batch production), small or medium-sized companies. In 

addition, a focus was placed on the diversity of the different companies (degree of digitization, company 

size, products, etc.) in order to obtain the most comprehensive result possible for the data model. During the 

interviews, after a brief theoretical introduction, the quotation costing process of the specific company was 

presented and discussed in detail. In each case, particular focus was placed on the data and associated IT 

systems used in individual process steps. At the end of the interview, the main challenges for the company 

in quotation costing and the information needed for optimizing the process were discussed. As a result, the 

case studies revealed the data used for quotation costing with the respective source (personal knowledge, 

Excel, ERP system, etc.) and further information and data needed for improving the quality of the quotation 

costing result. Based on these results, a data model was derived for each case study. Subsequently, these data 

models have been extended and combined into a common data model for quotation costing. 

Background Data Model  

A data model is a "model of the data to be described and processed in an application area and their 

relationships to each other". [20] Data models have emerged from the desire to organize existing data. As 

the use of IT systems increases, so does the volume of existing data and the demands on the quality of this 

data. With the help of ordering criteria and distinguishing features, data models structure relevant data. [21] 

With the help of this approach, the transparency of organizational structures is increased and potential for 

improving processes in the company is revealed, making data models an aid for solving organizational issues. 

[3] The logical data model is a data model for representing and explaining the statistical and database 

elements of a business unit or the requirements for its procedures and techniques in a logical and theoretical 

way that eventually leads to their application in a database. [22] 

Unified modelling language (UML) is a standardized representation or notation that allows object-oriented 

models to be represented in a uniform manner. Class diagrams can be used to represent classes and objects, 

their attributes and methods, and the relationships (so-called associations) between them. Classes and objects 

are represented as boxes. As shown in Figure 1, a class always contains a class name at the top. In the second 

section of the class, in the middle area, attributes are listed that can be assigned to the class. Behind a ":" 

likewise the data type (string, int, boolean...) is indicated. [23] Beneath this the methods are listed. Objects, 

which are specific examples of a class, possess a name, which is underlined in order to be able to differentiate 

an object quickly and transparently from a class. [24]  

 

Figure 1: Example of UML Class Diagram 

The visibility of attributes or methods of a class can also be mapped in UML. If an element of a class is 

public, this means that the corresponding element is also visible outside the class. Accordingly, if the 

attribute or method is prefixed with a "+". A "-" is used if the element should only be visible within its own 

class (private). Finally, the property protected can be listed, which describes that an element is only visible 

within the class in which it is described and in all subclasses. [24] The relationships that exist between the 

classes and/or objects are represented with the help of lines. Here, three different types of relationships are 

distinguished, associations, whole/part relationships and general/specialization relationships. [24] 
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4. Case studies 

Different companies were interviewed in order to identify relevant and used data from SMEs for quotation 

costing. These companies have in common, that they all are contract manufacturers, which means that they 

face challenges for complex products with small batch sizes. On the other hand, these companies can be 

classified as small or medium-sized enterprises for which the quality of the quotation costing plays an 

important role. In order to also reflect the diversity within this group of companies, the companies differ in 

the type and scope of their service provision (products, services, interaction with customers, degree of 

digitization, etc.). The aim of the interviews were to get an understanding of the process of cost calculation 

in the context of quotation costing. In particular, it was asked, which criteria are considered to be cost-

relevant variables and which decision-making criteria are used to determine the level of costs. First and 

foremost, experience is a highly relevant aspect when estimating costs at an early stage, even before the 

customer actually places an order. Therefore, an attempt was made to list criteria that are relevant for 

decision-making when using experience-based, manual adjustments. 

Company 1 – Interview conducted with the General Manager 

The company was founded in 1969. It is a DIN ISO 9001 certified company that manufactures prototypes, 

individual parts and small series. The company specializes in particular in the machining of components, 

some of which are large. In addition to machining, they also offer their own design department (machine and 

plant construction) as well as steel construction work including welding technology.  

The costing process at Company 1 begins with a customer inquiry, which in turn triggers an internal 

feasibility analysis. The product specifications (e.g. component dimensions, necessary production processes 

and number of pieces) are used. On the one hand, this enables a check to be made as to whether the 

technological constraints for manufacturing the components can be met within the company and whether all 

the relevant information for a complete production order is available. It is also checked on the basis of the 

current production capacity utilization, which is derived from the Enterprise Resource Planning System 

(ERP system), whether sufficient capacities are available in production to accept the order. After a successful 

check, a corresponding production order is created, whereby a work schedule and the associated bill of 

materials are generated. This information is now used to calculate the cost of goods sold as part of a 

preliminary costing. The cost of goods sold is made up of four components. These include the machine 

hourly rate calculation, the calculation of material costs, the consideration of external costs and other costs.  

First, the production costs are calculated with the help of a spreadsheet calculation in Excel. Here, the work 

schedule is used and the planned machine utilization is offset against the corresponding machine hourly 

rates. The machine hourly rates are based on the usual variables of the hourly rate calculation (investment 

costs, depreciation, maintenance costs, etc.), but in this case also on an overhead surcharge and the 

production wages. As a result, this cost module can be used to calculate all costs incurred during production 

on the corresponding machines. 

For the calculation of the material costs, the bill of material is used. The required raw materials are selected 

on the basis of dimensioning, material selection and quality and the corresponding quantity is offset against 

the current material prices. This then results in the material costs. It was emphasized at this point that the 

increasing volatility of material prices plays a significant role in this cost module.  As a rule, shipping costs 

are not incurred, as customers often prefer to collect the goods themselves. However, if the customer requests 

delivery, a shipping surcharge is calculated based on the transport volume and the distance to the customer. 

The level of these costs is also influenced by whether long-term customer relationships already exist. 
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After adding up the cost areas described above, the cost price for the requested component is calculated. A 

profit markup and any cash discount are added to these cost prices to obtain the net quotation price. In 

addition to this, the earliest possible delivery date is also specified and sent to the customer within a 

quotation. This completes the quotation process. 

Mainly used criteria for quotation costing: Product specifications, production capacity check, work 

schedule, bill of material, machine hourly rate, material costs out of current material prices 

Company 2 – Interview conducted with the Production Controller 

As a subsidiary of a larger technology group Company 2 is a producer of banknotes and security papers. The 

company was founded in 1964 and today supplies banknotes to the European Central Bank.  

The request to the company includes the product specifications, which include the desired paper/substrate 

type and the number of pieces. Once all the relevant information are available, a production order is created, 

which includes the work schedule and bill of materials. The quotation calculation then follows using a 

spreadsheet containing current market prices for the required material, the annually updated planned values, 

and cost curves based on post-calculations of sold products. The product specifications are entered into the 

calculation tool and the cost curve provides information on the expected production costs depending on the 

batch size. The material costs are also derived accordingly from the spreadsheet.  A profit markup is added 

in the end. Numbers may be corrected again manually. This is done on the basis of findings from variance 

analyses, which are carried out monthly. An attempt is made to identify and understand deviations in past 

customer orders. 

Mainly used criteria for quotation costing: Product specifications, work schedule, bill of material, current 

market prices, cost curve from post-calculation of sold products  

Company 3 – Interview conducted with the Sales Representative 

Company 3 was founded in Cologne in 1896 and offers a wide range of printed products for commercial 

purposes. In addition to the product steps of image processing and advertising technology, the company 

offers in particular digital and screen printing as well as offset printing.  

The process of quotation calculation at Company 3 starts with the customer inquiry, which includes product 

specifications such as the product type (e.g. advertising banner), the motif and the number of pieces. If the 

necessary information is complete, a production order with a corresponding work schedule is derived from 

it. The calculation consists of the direct production costs, the material costs and the additional overhead 

costs.  The work schedule and the resulting machine assignment serve as the basis for the direct production 

costs. The machine hourly rate associated with the respective machines is then multiplied by the 

corresponding forecast production time per machine to calculate the direct production costs. Here, 

production times are based to a large extent on the experience knowledge of the calculator. Important factors 

are the printing speed, which is strongly dependent on the selected motif, and estimates of the production 

employee. The material unit costs result from the production order or the customer's inquiry. A material 

selection is made, whereby the material quantity in turn depends on the work schedule. This is because, 

depending on the machine selection and the associated offcuts, as well as the material scrap during setup of 

the machine, there is an additional requirement for raw material. Consequently, the total material requirement 

is determined by the calculator and offset against the material prices. The material prices are again stored in 

the system and are based on price agreements requested on a quarterly basis. Finally, the total direct material 

costs are calculated.  

Together with a fixed surcharge for administration and sales, which is independent of the order volume, this 

results in the quotation cost. A profit markup, a cash discount and any commissions are then added to these 

to obtain the net quotation price. 
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Mainly used criteria for quotation costing: Product specifications, work schedule, material cost, overhead 

cost, machine hourly rate, machines used, forecast of production time, material prices for production material 

Company 4 – Interview conducted with the Operations Planning Representative 

Company 4 was founded in 1996 and specializes in the manufacturing and repair of rolls. In addition to 

manufacturing, disassembly and repair, the company also offers surface treatment and coating of rolls and 

specialized technical consulting.   

After the process starts with a customer inquiry, the product specifications of the inquiry are analyzed. These 

include in particular the technical drawing of the product to be manufactured, where the component 

dimensions and the required manufacturing processes can be derived from. A corresponding production 

order is created, from which a work schedule can be taken. The quotation calculation then follows in the 

sense of a differentiated markup calculation. A distinction is made between the cost items direct production 

costs, direct material costs, special direct sales costs, administrative overheads and production overheads. 

Comparable orders are considered in the calculation and individual numerical values are estimated. The 

actual work schedule of the products already manufactured are exported from the accounting system.  

First, the direct production costs are determined. For this, the machine hourly rates and production wages 

are taken as a basis and multiplied by the respective forecast production times. The work schedule is used as 

a basis to map the machine selection. The manual input of the production times is of great importance in 

order to ensure a high degree of accuracy in the cost calculation. The times of comparable orders stored in 

the booking system are initially used as the basis for estimating the production time. Based on this, empirical 

values are used to increase precision. The calculator takes into account which employee is listed as a machine 

operator in the booking system. For example, the experience of long-serving employees can be an indicator 

that the production job already completed was completed particularly quickly. A more conservative 

estimation of the production time by adding a corresponding markup could therefore be recommended. Also 

the posting date in connection with the considered machine tool is used as criterion for the estimation of the 

production times. If a machine is newly acquired, it can be expected during commissioning that the employee 

is still untrained in its operation. Delays caused by technical problems that the machine operator is not able 

to eliminate as quickly as expected in normal operation are also conceivable. The transferability of the 

production times could therefore be accompanied by a certain lack of precision when this information is 

taken into account. A manual correction is therefore necessary. 

Another criterion is parallel jobs that may have been performed on the same machine without this being 

recorded in the booking system by the employee. This circumstance is not directly apparent, but can be 

checked by looking at other jobs that were logged in the booking system on the same day.  

In addition, the work schedule of the historical data under consideration can provide information about 

problems that the machine operator had to rectify. If incidents were documented, the calculator can make an 

appropriate correction to the production times on this basis. Material errors or setup times are conceivable 

incidents that delay further processing and can thus greatly distort the production time booked in the system.  

Once the direct production costs have been calculated by multiplying the respective hourly machine rates 

(or the equivalent of production wages) by the forecast production times, the direct material costs are 

determined. The necessary raw materials can be taken from the bill of materials of the production order. 

However, the design drawing also provides information on the selection of raw materials. The tolerances 

required by the customer and the mechanical boundary conditions are used and compared with the raw 

materials or standard parts actually available. A correction of the parts list is often necessary.  Multiplying 

the material selection by the corresponding material prices finally yields the material unit costs. The material 

prices are determined on the basis of quarterly price agreements. In this calculation, it should be noted that 

purchased parts are not yet taken into account. These are declared as special direct costs of the sales 

department and result either from concrete offers from suppliers, are estimated as a lump-sum markup or 
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can also be taken from post-calculations of past orders. The calculated costs are then added together and a 

variable administrative and production overhead rate is applied. The result is the cost of goods sold of the 

costing object. After taking into account the profit markup and a cash discount, the result is the net quoted 

price. 

Mainly used criteria for quotation costing: Product specifications (technical drawing of product), work 

schedule, comparable orders, machine hourly rate, production wages, forecasted production time (from work 

schedule of historical comparable orders), machine operator for historical orders, experience of machine 

operators, machine tool, check of parallel jobs of historical common orders, incidents documented in the 

work schedule 

5. Data model for quotation costing 

For the generation of the data model for quotation costing, the results from the interviews are summarized 

and explained briefly in the following.  

The expert interviews show that the criteria used for the quotation and the cost calculation is highly agreed 

upon by the interviewees. A production order is first created on the basis of the customer inquiry, which 

consists of the bill of material and the work schedule. This is then followed by the calculation of the cost. 

Here, a rough distinction can be made between production costs, material costs and other overheads. 

The production costs consist of those costs which arise from the machine assignment in the production. The 

basis for this is the work schedule, it specifies the sequence and allocation in which the raw parts are 

produced on the respective machines and tools. This can be used for a machine hourly rate calculation, the 

cost rates for the machines are fixed. A decisive variable for the cost determination is the production time. 

This is determined by the calculator as stated in the case studies on the basis of various factors. A correct 

estimation of the production time is a decisive success criterion for the precision of the forecast cost 

calculation. The interviews show that in business practice, empirical values are of great importance. 

Production times are estimated in conjunction with discussions with production employees and on the basis 

of (manually filtered) historical data. These are then multiplied by the corresponding machine hourly rates 

to produce the production costs. 

A preliminary calculation of the expected material costs is based merely on the evaluation of the bill of 

materials. It provides information on which raw parts and purchased parts are required for the production 

order. In addition to the dimensioning, type and number of pieces, it also shows which material specifications 

exist in order to be able to make an appropriate material selection. Depending on the industry and product 

spectrum, corrections may have to be made here because the requested components do not correspond to the 

dimensions of unfinished parts. This process, which is also based on personal experience, takes place with 

the help of feedback from the customer. Once the bill of material is finalized, costs are calculated and totaled 

based on price agreements, lump sums, or specific quotes from suppliers to determine the total material costs. 

The production costs are added to the material costs to give the expected production costs. In order to include 

those costs in the quotation that are not directly attributed to the criteria stated above, an overhead markup 

is added to the production costs. This is usually a fixed cost rate that is calculated based on an overhead 

calculation. In particular, administrative and selling expenses are included. All these information are 

summarized and outlined in the following UML Diagram (Figure 2). 

Description of the UML Diagram 

The class model “Prime Costs” is used to calculate the cost of goods and the UML notation makes it possible 

to quickly obtain a general understanding of the basic structure of the data model. The prime cost class is at 

the end of the calculation. This class is used to calculate the quotation cost for the customer on the basis of 
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direct and overhead costs. The latter are determined on the basis of a stored overhead rate on the direct costs. 

The direct costs in turn consist of the material and production costs. 

 

Figure 2: Data Model for Quotation Costing in SMEs 

In the class material costs, the information from the bill of materials (BoM) is related to the costs for the 

corresponding raw parts and purchased parts. After creating an array list that associates the items from the 

BoM with the corresponding material prices from the Material Database class, the total material costs can 

be returned using a simple multiplication. This value is stored in the materialCostsTotal attribute and can be 

retrieved by a corresponding getter method in the cost price class. 

The production costs are calculated in the corresponding class with the help of machine hourly rates, the 

wage costs and the predicted production times. The machine hourly rates are also initialized as a separate 

class. This has all the relevant attributes of each machine that is actually used within the production 

operation. In addition to the machine-specific ID, the class stores all relevant values for the complete 

calculation of the machine hour rates. The result is stored in an array list containing the machine ID and the 

machine costs for one hour for all machines. The labor costs in turn are set as attribute laborCosts. A 

corresponding method in the production costs class can retrieve the values. The production time is also stored 

in a separate class. Since the values refer to the corresponding machines, it is also stored in an array list. The 

first value is the machine ID, the second value is the production time. The values, which are assumed for the 

production time, are initialized with the help of a manual input of the calculator.  

As stated in the expert interviews described above, the production times are estimates based on experience. 

At this point, the class diagram illustrates which information is used by the calculator to provide an 

estimation for the times. In addition to the current production order, past production orders are also included 

in the decision-making process. A list of the work steps and stations and thus the necessary machine 

assignment can be taken from the work schedule from the production order. Comparable historical orders 
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are then available to the calculator, in which the actual, but also the previously assumed production times 

can be taken. The associated class ManufacturingOrders_Historical also contains further attributes that can 

be useful for evaluating the historical data. For example, the employee of the work step, which is stored in 

the booking system, can be a decision criterion. The attribute machineAllocation provides information about 

the sequence in which the production took place. Depending on the layout of the production hall, this can 

provide information about transport routes and associated distortions of the production times in the booking 

system. The parallelOrders attribute stores the number of orders produced at the same time. A low capacity 

utilization, for example, is an indication that the production time could have been shorter. In addition to other 

influencing factors, a deviation between planned and actual values can also be used to improve the expected 

accuracy of the occupancy times of current production orders. The array list stored as postCalculation as 

well as the postOfferCalculation is used for this purpose. Intelligent processing of the above-mentioned 

attributes and influencing factors makes it possible to estimate production costs as precisely as possible. 

6. Summary and Outlook

Above all, it becomes clear that the process of quotation costing is currently highly dependent on people and 

is based in many places on estimations and personal experience. In order to transform quotation costing as a 

data-supported process, all necessary information and data must be available in used IT system(s). As stated 

in the very beginning, the interviews also underlined, how many different tools, databases or files are 

currently used in this process and how time consuming the generation of the prime costs are. To make such 

an effort for a quotation, not knowing whether the customer will accept it or not, is highly inefficient and 

risky.  

The different criteria used for quotation costing in the case studies are explained and summarized in the data 

model. Thanks to the UML notation, this data model can be transferred in Business Software or other IT 

systems to build up a data-bases quotation costing process.  

The first finding of the research was, which exact data are needed for the quotation. With the generated 

results SMEs can check the data model to get an overview, which data they might need to add to their 

calculation to improve the process and their results. Moreover, the model also shows, which data must be 

available and can lead companies to the transparency, which process they really need to digitize to get access 

to data-related information beside the personal experience they mostly rely on so far. 

A huge impact for the optimization of the quotation quality is the factor of personal experience and the 

estimation processes. Especially for important information that are crucial to the quality of the final result 

the case studies show, that they mainly rely on estimated information. Further research should be conducted 

here to detail the “Estimator”- Class in the UML diagram, to receive a data-supported estimation. In this 

area, artificial intelligence applications are particularly conceivable in order to identify similar orders and to 

draw corresponding conclusions about the current quotation. 
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Abstract 

Industry 4.0 is driven by Cyber-Physical Systems and Smart Products. Smart Products provide a value to 

both its users and its manufacturers in terms of a closer connection to the customer and his data as well as 

the provided smart services. However, many companies, especially SMEs, struggle with the transformation 

of their existing product portfolio into smart products. In order to facilitate this process, this paper presents 

a set of smart product use cases from a manufacturer’s perspective. These use cases can guide the definition 

of a smart product and be used during its architecture development and realization. Initially the paper gives 

an introduction in the field of smart products. After that the research results, based on case-study research, 

are presented. This includes the methodological approach, the case-study data collection and analysis. 

Finally, a set of use cases, their definitions and components are presented and highlighted from the 

perspective of a smart product manufacturer.  

Keywords 

Industry 4.0; Smart Products; Digitalization; Smart Machines; Product-Service-Systems 

1. Introduction

The digitalization found its way into the manufacturing environment. Even traditional industries such as 

mechanical engineering are affected by this trend [1]. The products of mechanical engineering, tools and 

machines, which previously contained only mechanical parts are becoming smart and connected. In other 

words, they are enhanced with electronic and digital components such as sensors and microprocessors [2]. 

The result are smart products. They are based on cyber-physical systems and consist of both physical and 

digital components [1]. They form the foundation of industry 4.0 and by that, the establishment of 

collaborative networks [3,4]. 

Smart products can be used to generate a competitive advantage by improving the services provided to their 

users [5]. Smart products are an exceptional opportunity of getting a data based, detailed understanding of a 

company’s customer and how the product is actually used. This allows great insight into what future products 

might look like and which features need to be updated. Smart services can be tailored and continuously 

improved to serve a customer’s need. [6,2,5] 

However, to gain those valuable insights, a well architected digital environment needs to be built around a 

product, finally making it and its insights smart [2,5]. Many companies, especially SMEs struggle with this 

challenge, as they are lacking the internal knowledge for developing such complex digital products and 

architectures and even expect a business loss if they fail to place a smart product on the market [6,7].  

In order to facilitate the process of developing a smart product as well as helping the business decisions for 

smart products, an overview of its possible applications in terms of use cases is needed. In the long run those 
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use case can serve as a basis for the development of the digital architecture of smart products. This is the 

goal of the underlying research project BlueSAM, which provides SMEs with blueprints for the development 

of smart products architectures.  

For this reason, this paper presents a set of use cases for smart products from a smart product manufacturer’s 

perspective. First of all, the term smart product is defined in the context of this paper. Subsequently the 

overarching research project and the envisioned smart product development process for SMEs is described. 

After that the process of case study research is explained and applied. This leads to an empirically derived 

set of use cases for smart products, that are validated by industry experts and literature.  

2. State of the art 

Smart products are in the limelight of Industry 4.0 and one of the main topics among the smart factory, smart 

logistics and smart development [6]. Smart Products, their definitions and differentiations have been widely 

covered in scientific literature, such as [8,2] and the authors’ previous works [9,1,10]. Based on HICKING’S 

definition in [1,10] the authors define a smart product as “a product, which consists of both a physical and a 

digital component. They create value for both, its user (mostly the customer) as well its manufacturer. For 

users a smart product’s main added value is to provide smart services. For the manufacturer it is the 

opportunity to learn from its newly generated usage data”. Smart services are a data based combination of 

both digital and physical services provided by smart products [11].  

In mechanical engineering there are two main fields of application for smart products: the use of smart 

products in the own production and the sale of smart products as well as accompanying services [12]. This 

paper will focus on the perspective of a smart product manufacturer. Examples for smart products in 

manufacturing are smart industrial air compressors, software applications for a mobile steering of machines 

or connected machines which are capable of gathering and analyzing production data in real-time [13,14].  

The applications of smart products are only limited by imagination. However, several publications have 

offered overviews of existing smart product use cases or described specific use cases. Examples are PORTER 

& HEPPELMANN [2,5], HERTERICH ET AL. [15,16], ABRAMOVICI [17] or MACHCHHAR ET AL. [8]. As this 

work employs smart product use cases derived from practical applications by Case Study Research [18], the 

aforementioned works – among others - are applied in their literature based verification process (see section 

4.3). This results in the use case overview presented in this paper.  

3. Methodology and focus of this paper 

As mentioned before the results of this paper are part of an overall research project assisting SMEs in the 

development of their smart products’ digital architecture and infrastructure. This will be with a use case 

based, smart product reference architecture with focus on SMEs. From this reference architecture, for every 

use case, blueprints for a smart product architecture will be derived. The development of the reference 

architecture is based on the process by KRCMAR ET AL. [19]. This will lead to an overall process for the 

facilitated development of smart products based on blueprints. The process is drafted in Figure 1. Step one 

is the selection of smart product use cases in the beginning of the development process. It will give SMEs 

an inspiration into which applications can be realized with their future smart products. Secondly, architecture 

blueprints will be selected based on the selected use cases. In the third step, the blueprints will be specified 

and customized into a company-specific architecture. After that the, the process allows the delegation of 

development tasks among partner companies and external service providers marking the Co-Development 

phase. This fourth step considers, that most SMEs do not have all capabilities for smart product development 

in house and therefore need help in form of a Co-Development guideline for partnering up with and  

managing external partners.   
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Figure 1: Overall project approach (grey: focus of this paper) 

This paper focuses on step one of the envisioned development process, providing a list of smart product use 

cases based on a smart product manufacturer’s perspective. To be up to date, the approach of case study 

research by EISENHARDT [18,20] was chosen to derive the use cases. It provides use cases derived from 

empirical evidence, validated with existing literature [18,20,21]. Furthermore, the selected research approach 

provides valuable insights into the realization of the use cases at the case study partners that could not be 

achieved by solely focusing on theoretical evidence and existing use case models.   

In case study research, theories or hypotheses are evaluated with the help of so called “case studies”, that 

represent empirical data collections from multiple data sources. During the research case studies are collected 

and then analyzed individually as well as between each other. The identified hypotheses are then developed 

and enhanced from case to case. After that the derived theories are then verified based on a literature analysis. 

After 4 to 10 case studies a saturation of the built theory should be reached, meaning, there are no more 

additions to it [18,20,22,21]. Case study research has become a popular research methodology beyond its 

origins in social sciences as it delivers an opportunity to analyze theoretical situations where a statistical 

approach is not feasible or less effective [20,21].  

4. Smart Product Use Cases derived from Case Studies  

4.1 Selected Case Studies and saturation 

In compliance with case study research the set of case studies was very carefully selected in order to lead to 

valid results. Therefore the selection of use cases was based on theory not on sampling [18,21]. Case study 

research aims at a replication of results from case to case not on a statistical sampling [18]. Table 1 gives an 

overview of the case studies selected for this research. The case study companies were selected with the goal 

to deep dive on use cases analyzing usage data as well as providing smart services to customers. The case 

studies were selected by company size, measured in number of employees and revenue, the type of their 

business relationship (business to customer (B2C) or business to business (B2B)), the complexity of their 

smart product (machine or assembly group), the current lifecycle phase it is in (in use or in development) 

and their type of company (smart product manufacturer or smart product service provider). The selected set 

of case studies is both not theoretically identical but also not a random sample of companies. For the 

company type, next to manufacturers, service providers were chosen on purpose as they offer several smart 

products or cater to many different customers and thus have a wide knowledge of different applications and 

use cases for smart products.  
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Table 1 : Overview of selected case studies 

No. Employees Revenue 

Business 

type 

Product 

complexity 

Lifecycle 

phase Company Type 

1 > 500 < 100 M. € B2C, B2B Machine Usage Manufacturer 

2 > 1000 < 250 M. € B2B Machine Usage Manufacturer 

3 > 6500 < 1,800 M. € B2B Machine Usage Manufacturer 

4 > 2000 < 450 M. € B2B Machine Usage Manufacturer 

5 > 1500 < 3,000 M. € B2C, B2B Machine Development Manufacturer 

6 > 150 < 50 M. € B2C, B2B Machine Development Manufacturer 

7 > 15 < 0,5 M. € B2C, B2B Assembly group Usage Service Provider 

8 > 6000 < 1,500 M.€ B2B Machine Usage Service Provider 

9 > 10 < 3 M. € B2C, B2B Assembly group Development Service Provider 

10 > 10000 < 2,000 M. € B2B Assembly group Usage Manufacturer 

For every case study an individual company was selected. Different data sources such as expert interviews 

performed by the authors of this paper, publications, presentations or product tests were used in the case 

studies’ analysis. During the data analysis, smart product use cases were derived from the collected case 

studies and compared to the a-priori use case model. Thusly the smart product use case model evolved during 

the research. As Figure 2 is showing, after seven case studies, no more new use cases were identified and 

added to the model. This means saturation is reached.      

 

Figure 2: Saturation curve of case study analysis 

4.2 Identified Smart Product use cases 

In Total 13 use cases were derived which can be distinguished into two main categories. They are shown in 

Table 2. The first category is focused on use cases focusing on usage and field data. The second category is 

focused on providing smart services for the smart product’s users. The use cases are explained in detail in 

the following subsections. The descriptions of the use cases represent the aggregated and anonymized 

findings from the case study analysis. All of the use cases were verified during expert interviews with the 

user committee of the underlying research project and literature about smart product use cases.  

Table 2: Overview of derived smart product use cases 

Use Cases with focus on usage data Use Cases with focus on smart services 

Analyze usage behavior Offer Condition Monitoring 

Derive new products or services Provide Predictive Maintenance 
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Improve existing products or services Offer data analytics 

Update products or services Assist operation 

Upgrade products or services Optimize operation 

Offer Subscription Deliver consumables or supplies 

 Create digital product image 

4.3 Description of the use cases derived from the analyzed case studies 

4.3.1 Derive new products or services 

The data collected from smart products can be used to identify opportunities for new products and services. 

This means identifying completely new product ideas, missing product functions in existing smart products 

or changing the configuration of features in a smart product [23,15,24]. This means omitting unused 

functions or combining them into new functions. To do so, the existing product configuration is measured 

against the identified customer needs from the usage behavior analysis as well as the product usage and 

linked to product functions [25]. From here missing functions can be identified and evaluated for new 

products [25].  

4.3.2 Improve existing products or services 

Next to deriving new products and services, existing products or services can be improved with usage data 

from smart products. Though this use case is very similar to derive new products or services it is mentioned 

separately. The matter of differentiation for the authors is the improvement of existing functions versus the 

identification of missing ones, which leads to new products or services. In this case the focus of the analysis 

is set on the existing functions and features and if they can be improved, e.g. for better user experience or 

performance [26,15,24,2].  

4.3.3 Update products or services 

The update products or services use case means improving or enhancing the existing functions smart product 

by exchanging physical or digital components [27]. To do so, an update needs to be ready for deployment 

from the manufacturer. This may be an improvement of software such as a change in the user interface but 

may also include the exchange of a physical component [24,2]. Before that the update needs to be authorized 

by the user. If necessary, a downtime is scheduled for the smart product. Depending on service level 

agreements, an exchange product may be delivered on site during the smart products update time [2,5].  

4.3.4 Upgrade products or services 

Upgrading a product or a service, in contrast to an update, refers to deploying new digital or physical 

functions to a smart product, including an entire exchange of the product [28,14,27]. The process of 

upgrading a smart product is analogous to the update process. Meaning an upgrade is ready for deployment 

and will be executed similarly to the update (see section 4.3.3). To identify the need for an upgrade the usage 

of the smart product is monitored against predefined performance KPIs. Once a threshold is exceeded, the 

current product use is evaluated. This could mean using a smart product at its upper or lower performance 

limit triggers an exchange against a smaller or bigger product to better fit the customer’s usage behavior 

[14]. The use of upgrades extends the lifecycle of products and the level of customer satisfaction by 

continuously satisfying the customer needs [28]. Furthermore it also allows a continuous evaluation and 

change of the smart product based on its usage [28].  
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4.3.5 Analyze usage behavior 

As the use cases are used in the conceptualization phase during the development of a smart product, a detailed 

yet easy to understand visualization is needed. Therefore, in addition to the use case description every use 

case is visualized in a UML Use case diagram [29]. It is a type of visualization that is easy to understand, 

solution agnostic, and yet leaves enough space for interpretation as the design of a smart product is evolving. 

Nevertheless, it contains the main components that are needed to realize a smart product. The use case 

diagram for analyze usage behavior is shown in Figure 3. 

This use case focuses on understanding the user’s behavior by analyzing usage data collected by the smart 

products [30,15,2]. It builds the foundation for better understanding how and why customers are using the 

smart product and their specific needs [30,15,31,8,2]. It means collecting the usage data such as frequency, 

duration, and location of usage as well as the used features from the smart product and storing it within the 

product cloud [30,8,2]. In addition to that, user feedback on the product itself or certain features is added to 

the analysis [24]. By analyzing the usage behavior over a certain period of time a behavioral profile of the 

user can be derived [24,2]. The collected data is then matched with customer specific data as well as data 

about the customer’ s segment [30,2]. In addition to that the customer’s usage profiles can be compared to 

one another determining certain usage patterns and customer needs [2,25]. In order to collect usage data, this 

use case will collect the usage data based on the use case offer condition monitoring (section 4.3.7) as well 

as customer feedback based on assist operation (section 4.3.10). 

 

 Figure 3: Use Case diagram for analyze usage behavior 

4.3.6 Offer Subscription 

Offering a subscription business model means delivering continuous value improvement for a fixed fee 

[32,33]. The online streaming service Netflix – with a fixed price rate and ever growing offering – is an 

example for a subscription based business model from a B2C context [34]. Moving from a transaction based 

customer interaction to an outcome based customer interaction is becoming increasingly popular in the B2B 

context and is enabled by smart products [32]. The delivery of value is often measured in product 

509



performance [35,15]. The improvement in performance is achieved by analyzing the usage behavior to 

identify opportunities for process or product improvements for the specific customer use case [35,2]. 

4.3.7 Offer Condition Monitoring 

The use case offer condition monitoring consists of visualizing a products condition as well as providing the 

user with alerts in case predefined thresholds are exceeded or a set of rules triggers it. This means that the 

user is allowed to define alerts and rules [26,2,5]. To execute the rules the smart product collects data from 

different sources and aggregates them [15]. The data may be from the product’s environment such as 

brightness, humidity (environmental data), from within the product such as internal sensor values or errors 

(product data) or regarding the process the product is in (process data) [8]. The later visualized or monitored 

values may be specific values such as the vibration within a motor or KPIs aggregating different data streams. 

This could be the asset health or for example the smart product’s OEE [26]. The condition monitoring use 

case serves as a base for many of the identified use cases. This use case can also be applied to the smart 

product’s manufacturer monitoring certain KPIs for the smart product during its usage [26,35]. 

4.3.8 Provide Predictive Maintenance 

Predictive Maintenance aims at providing the user of the smart product with an interruption free usage 

period. It means identifying the need for maintenance and scheduling it before the smart product breaks 

down unexpectedly, avoiding unforeseen downtime [36]. In the case of an identified maintenance need a 

planned maintenance will be scheduled automatically to ensure maximum performance of the smart product 

[2,14]. To do so the remaining usable life of components or the whole smart product is calculated and 

monitored. This is done by connecting the as is data from the smart product with historical data and historical 

maintenance cases [8,5]. Based on the identified issues, maintenance measures are selected and a 

maintenance is scheduled. Depending on the situation, the maintenance can be executed remotely [26]. As 

the component to be exchanged is known in advance the maintenance personnel can bring the right 

equipment and plan the maintenance process accordingly [2,14]. If needed an exchange product can be 

provided during the maintenance period [37]. 

4.3.9 Offer data analytics 

This use case allows the smart product’s user to individually deploy data analytics models on the smart 

product using its field and product data. This means selecting from a set of predefined analytics models that 

can be applied to the smart product and its environment [23]. These can be anomaly detection, assistance for 

teach in of sensor values, vibration and temperature analytics, etc. [5]. It includes external data sources such 

as business systems as well as storing and exporting the analytics results [2]. Offering such functions may 

have a positive effect on the perceived value of the smart product. 

4.3.10 Assist operation 

Assisting the operation refers to helping the smart product’s user to operate it. This means the smart product 

automatically guides its user. It monitors the way it is used and provides helpful information such as manuals, 

warning about dangerous or unintended maluses of the product and prevents the user from making mistakes 

[15,16,2]. It will allow remote assistance and remote control as well as collect feedback from the users via 

its digital interface [35,2]. 

4.3.11 Optimize operation 

Optimize operation refers to helping the smart product’s user to operate it at an optimal state. This is done 

via recommendations for the user to improve the product’s performance or lifetime [2,14]. The 

recommendations can be drawn from a predefined set of recommendations. The recommendations are 
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selected on the base of an optimization model constantly comparing the current operation parameters to an 

optimal state [26,15,2]. The smart product’s data can be enriched with external data sources like the 

production schedule from an MES or ERP software [2]. 

4.3.12 Deliver consumables or supplies 

In this use case the smart product watches the usage of supplies or consumables during its use. Based on the 

usage it can estimate the remaining time until new supplies will be needed. Being connected to the stock 

management system at the company or the supplier it can order material just in time to not run out of stock 

[38,15,14]. This may also lead to a more detailed usage understanding for the product’s manufacturer also 

offering an additional value stream in case the supplies are directly sold by him.  

4.3.13 Create a digital product image 

A digital product image gives an overview of historic data from the smart product based on a continuous 

data flow [39,40]. In the presented set of use cases, the term digital product image is used synonymously for 

digital shadow as well as digital product passport [39]. It stores all of the historical product data and allows 

the user to explore it from different views and contexts. Such views may be the manufacturing history or the 

maintenance history of the smart product. Additionally the data can be exported to other systems or be 

analyzed in a different context [39,41,40].  

5. Summary and outlook 

In this paper a set of smart product use cases for developing a smart product are presented. They are described 

from the perspective of a smart product manufacturer with industrial application. The overarching smart 

product development process is explained. The use cases are derived with case study research. The 

methodology as well as the selection and saturation of case studies and use cases is explained. After that, the 

validated use cases are described in detail and an exemplary use case diagram is shown.  

Future research will focus on building blueprints for easily applying the use cases during the smart product 

development process as well as creating a methodology for a focused co-development of the smart products.  

 

Acknowledgements  

The Cornet project 303 EN of the Research Association FIR e. V. at the RWTH Aachen University is funded 

via the AiF within the framework of the programme for the funding of cooperative industrial research (IGF) 

by the Federal Ministry for Economic Affairs and Climate Action (BMWK) on the basis of a decision by the 

German Bundestag. 

References 

[1] Hicking, J., Zeller, V., Schuh, G., 2018. Goal-Oriented Approach to Enable New Business Models for SME Using 

Smart Products, in: Chiabert, P., Bouras, A., Noël, F., Ríos, J. (Eds.), Product Lifecycle Management to Support 

Industry 4.0. 15th IFIP WG 5.1 International Conference, PLM 2018, Turin, Italy, July 2-4, 2018, Proceedings. 

Springer International Publishing, Cham, pp. 147–158. 

[2] Porter, M.E., Heppelmann, J.E., 2014. How Smart, Connected Products Are Transforming Competition. Harvard 

Business Review (9), 1–23. 

[3] Abramovici, M., Göbel, J.C., Savarino, P., 2016. Virtual Twins as Integrative Components of Smart Products, 

in: Harik, R., Rivest, L., Bernard, A., Eynard, B., Bouras, A. (Eds.), Product Lifecycle Management for Digital 

Transformation of Industries, vol. 492. Springer International Publishing, Cham, pp. 217–226. 

511



[4] Camarinha-Matos, L.M., Fornasiero, R., Afsarmanesh, H., 2017. Collaborative Networks as a Core Enabler of 

Industry 4.0, in: Camarinha-Matos, L.M., Afsarmanesh, H., Fornasiero, R. (Eds.), Collaboration in a Data-Rich 

World, vol. 506. Springer International Publishing, Cham, pp. 3–17. 

[5] Porter, M.E., Heppelmann, J.E., 2015. How Smart, Connected Products Are Transforming Companies. Harvard 

Business Review (10), 96–112. 

[6] Abramovici, M., Gebus, P., Savarino, P., 2018. Engineering smarter Produkte und Services: Plattform Industrie 

4.0 STUDIE, München, 46 pp. 

[7] Lünnemann, P., Wang, W.M., Lindow, K., 2019. Smart Industrial Products: Smarte Produkte und ihr Einfluss auf 

Geschäftsmodelle, Zusammenarbeit, Portfolios und Infrastrukturen, 66 pp. 

[8] Machchhar, R.J., Toller, C.N.K., Bertoni, A., Bertoni, M., 2022. Data-driven value creation in Smart Product-

Service System design: State-of-the-art and research directions. Computers in Industry 137, 103606. 

[9] Hicking, J., 2020. Spezifikation von intelligenten Produkten im Maschinenbau. Apprimus, Aachen, 384 pp. 

[10] Stroh, M.-F., Hicking, J., Stich, V., 2021. Smartifizierung von Maschinenbauprodukten mittels einer 

zielorientierten Methode, in: Meinhardt, S., Wortmann, F. (Eds.), IoT – Best Practices. Springer Fachmedien 

Wiesbaden, Wiesbaden, pp. 259–275. 

[11] Kampker, A., Frank, J., Jussen, P., 2017. Digitale Vernetzung im Service. WIST 46 (5), 4–11. 

[12] Bauer, W., Schlund, S., Marrenbach, D., Ganschar, O., 2014. Industrie 4.0: Volkswirtschaftliches Potenzial für 

Deutschland, 46 pp. 

[13] Kinkel, S., Rahn, J., Rieder, B., Lerch, C., Jäger, A., 2016. Digital-vernetztes Denken in der Produktion, Frankfurt 

am Main, 88 pp. 

[14] Urbach, N., Röglinger, M., 2019. Digitalization Cases. Springer International Publishing, Cham, 429 pp. 

[15] Herterich, M.M., Uebernickel, F., Brenner, W., 2015. The Impact of Cyber-physical Systems on Industrial 

Services in Manufacturing. Procedia CIRP 30, 323–328. 

[16] Herterich, M.M., Uebernickel, F., Brenner, W., 2016. Industrielle Dienstleistungen 4.0. Springer Fachmedien 

Wiesbaden, Wiesbaden. 

[17] Abramovici, M., 2014. Smart Products, in: Produ, T.I.A.f., Laperrière, L., Reinhart, G. (Eds.), CIRP Encyclopedia 

of Production Engineering, vol. 59. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 1–5. 

[18] Eisenhardt, K., 1989. Building Theories from Case Study Research. The Academy of Management Review 14 

(4), 532–550. 

[19] Krcmar, H., Reidt, A., Duchon, M., 2017. Erstellung einer Referenzarchitektur anhand von individuellen 

Unternehmensanforderungen, in: Bullinger-Hoffmann, A.C. (Ed.), S-CPS: Ressourcen-Cockpit für Sozio-Cyber-

Physische Systeme. Abschlussveröffentlichung. aw&I - Wissenschaft und Praxis, Chemnitz, pp. 23–42. 

[20] Eisenhardt, K., Graebner, M., 2007. Theory Building From Cases: Opportunities and Challenges. Academy of 

Management Journal (50), 25–32. 

[21] Yin, R.K., 2018. Case study research and applications: Design and methods, Sixth edition ed. Sage, Los Angeles, 

319 pages ; 

[22] Gassmann, O., 1999. Praxisnähe mit Fallstudienforschung: Nutzen für das Technologiemanagement ist gegeben. 

Wissenschaftsmanagement (3), 11-16. 

[23] Alcayaga, A., Wiener, M., Hansen, E.G., 2019. Towards a framework of smart-circular systems: An integrative 

literature review. Journal of Cleaner Production 221, 622–634. 

[24] Pfeifer, T., Schmitt, R. (Eds.), 2021. Masing Handbuch Qualitätsmanagement, 7., überarbeitete Auflage ed. 

Hanser, München, 1091 pp. 

[25] Riesener, M., Dölle, C., Schuh, G., Becker, A. Framework for the Continuous Increase of Product Performance 

by Analyzing Product Usage Data: IEEM2019 : 15-18 Dec, Macau, in: . 

512



[26] Basselot, V., Berger, T., Sallez, Y., 2017. Active Monitoring of a Product: A Way to Solve the “Lack of 

Information” Issue in the Use Phase, in: Borangiu, T., Trentesaux, D., Thomas, A., Leitão, P., Oliveira, J.B. 

(Eds.), Service Orientation in Holonic and Multi-Agent Manufacturing, vol. 694. Springer International 

Publishing, Cham, pp. 337–346. 

[27] Zeller, V., 2018. Releasemanagement für digitale Produkte: Vortrag im Rahmen der mündlichen Doktorprüfung 

von Dipl.-Inform. Violett Zeller. 

[28] Khan, M.A., Wuest, T., 2018. Towards a framework to design upgradable product service systems. Procedia 

CIRP 78, 400–405. 

[29] Object Management Group, 2017. OMG Unified Modeling Language (OMG UML): Version 2.5.1, 796 pp. 

[30] Exner, K., Smolka, E., Blüher, T., Stark, R., 2019. A method to design Smart Services based on information 

categorization of industrial use cases. Procedia CIRP 83, 77–82. 

[31] Hollauer, C., Shalumov, B., Wilberg, J., Omer, M., 2018. Graph Databases for Exploiting Use Phase Data in 

Product-Service-System Development: A Methodology to Support Implementation, in: Proceedings of the 

DESIGN 2018 15th International Design Conference. 15th International Design Conference. May, 21-24, 2018. 

Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Croatia; The Design Society, 

Glasgow, UK, pp. 1571–1582. 

[32] Günther Schuh, Lucas Wenger, Volker Stich, Jan Hicking, Jonas Gailus. Outcome Economy: Subscription 

Business Models in Machinery and Plant Engineering. 

[33] Tzuo, T., Weisert, G., 2018. Subscribed: Why the subscription model will be your company's future - and what 

to do about it. Portfolio/Penguin, 256 pp. 

[34] Costa, C.D., 2020. How Data Science is Boosting Netflix - Towards Data Science. Towards Data Science, April 

19. 

[35] Herterich, M.M., Eck, A., Uebernickel, F., 2016. Exploring How Digital Products Enable Service Innovation: An 

Affordance Perspective. Research Papers 156. 24. European Conference on Information Systems (ECIS), 

İstanbul,Turkey, 2016 4, Istanbul (Türkei), 18 pp. http://aisel.aisnet.org/ecis2016_rp/156. Accessed 17 December 

2017. 

[36] Werner, A., Zimmermann, N., Lentes, J., 2019. Approach for a Holistic Predictive Maintenance Strategy by 

Incorporating a Digital Twin. Procedia Manufacturing 39, 1743–1751. 

[37] Gassmann, O., Frankenberger, K., Csik, M., 2017. Geschäftsmodelle entwickeln: 55 innovative Konzepte mit 

dem St. Galler Business Model Navigator, 2., überarbeitete und erweiterte Auflage ed. Hanser, München, 

1412 pp. 

[38] Anke, J., Wellsandt, S., Thoben, K.-D., 2018. Modelling of a Smart Service for Consumables Replenishment. 

17:1–21 Pages / Enterprise Modelling and Information Systems Architectures (EMISAJ), Vol 13 (2018). 

[39] Becker, F., Bibow, P., Dalibor, M., Gannouni, A., Hahn, V., Hopmann, C., Jarke, M., Koren, I., Kröger, M., Lipp, 

J., Maibaum, J., Michael, J., Rumpe, B., Sapel, P., Schäfer, N., Schmitz, G.J., Schuh, G., Wortmann, A., 2021. A 

Conceptual Model for Digital Shadows in Industry and Its Application, in: Ghose, A., Horkoff, J., Silva Souza, 

V.E., Parsons, J., Evermann, J. (Eds.), Conceptual Modeling. 40th International Conference, ER 2021, Virtual 

Event, October 18–21, 2021, Proceedings, vol. 13011, 1st ed. 2021 ed. Springer International Publishing; Imprint 

Springer, Cham, pp. 271–281. 

[40] Schuh, G., Gützlaff, A., Sauermann, F., Maibaum, J., 2020. Digital Shadows as an Enabler for the Internet of 

Production, in: Lalic, B., Majstorovic, V., Marjanovic, U., Cieminski, G. von, Romero, D. (Eds.), Advances in 

Production Management Systems. The Path to Digital Transformation and Innovation of Production Management 

Systems, vol. 591. Springer International Publishing, Cham, pp. 179–186. 

[41] Schacht, M., Schuh, G., Frank, J., 2021. The digital shadow of customers in the manufacturing industry, in: 2021 

8th Swiss Conference on Data Science (SDS). 2021 8th Swiss Conference on Data Science (SDS), Lucerne, 

Switzerland. 09.06.2021 - 09.06.2021. IEEE, pp. 52–53. 

513



Biography 

Günther Schuh (*1958) is head of the chair of Production Systems (WZL-PS) at RWTH Aachen 

University and member of the directorates of the Machine Tool Laboratory (WZL) at the RWTH, 

Fraunhofer Institute for Production Technology (IPT) and Director of the FIR at RWTH Aachen 

University. 

Max-Ferdinand Stroh (*1991) is a researcher at FIR at RWTH Aachen University since 2017 

in the department Information Management. He is head of the department Information 

Management. His scientific work is focused on the practical application of AI, smart products, 

and IT-OT-Integration.  

Dr.-Ing. Jan Hicking (*1991) has been head of the division Information Management at FIR at 

RWTH Aachen University since 2020. Starting in 2016, he received his Ph.D. in 2020 in the field 

of smart products. As deputy head of the division, he is responsible for multifaceted consulting 

and research projects.  

Sebastian Kremer (*1993) Is leader of the group Information Technology Management at FIR 

at RWTH Aachen University. His work is focused on digital technologies and their applications 

such as smart products and event-driven architectures.  

 

514



CONFERENCE ON PRODUCTION SYSTEMS AND LOGISTICS 

CPSL 2022 
__________________________________________________________________________________ 

DOI: https://doi.org/10.15488/12129

3rd Conference on Production Systems and Logistics 

Process Chain of Injection Moulding And Additive Manufacturing 

For Hybrid Parts 

Johann Schorzmann1, Daniel Pezold1 , Jan Kemnitzer2, 

Alexander Kalusche3, Frank Döpper1,2

1University of  Bayreuth – Chair of Remanufacturing and Manufacturing Technology, Bayreuth, Germany 
2Fraunhofer Institute for Manufacturing Technology and Automation IPA, Bayreuth, Germany 

3Acad Group GmbH, Heilsbronn, Germany 

Abstract 

To achieve lightweight properties, a process for the local reinforcement of injection-moulded parts using 

additive manufactured continuous fibre reinforced inserts was developed. The process is based on the 

additive manufacturing (material extrusion) of semi-finished products (inserts) made of pre-impregnated 

continuous fibres, which are inserted in a defined position of the injection mould and then over-moulded 

with a compatible polymer matrix. Due to the manufacturing method of the inserts, a material, form and 

frictional bonding between the fibres and the polymer matrix can be realised. By choosing a specific 

positioning of the inserts resp. the continuous fibres, one can achieve a significant lightweight construction 

potential and the targeted elimination of process-related weak points such as weld lines of the injection-

moulded parts.  

A virtual development process using digital product development tools were applied for the construction of 

a concrete application example. A combination of topology optimisation and finite element analysis (FEA) 

was used to determine the load- and material-optimised design. For the simulation and optimisation of hybrid 

parts a new method of virtual development and definition of material models for additively manufactured 

components was developed. The validation of the process chain for hybrid parts was carried out using a test 

setup that represents real load situations of an automotive part. The technical analysis of the hybrid part 

showed a weight saving of 19.5% compared with the reference part. Regarding the critical load case (load 

from above), a 38.1% lower deformation was achieved. The specified maximum load and deformation limits 

were maintained in the use case. In addition, in the weld line area malfunction was avoided by the continuous 

fibre-reinforced insert. 

Keywords 

Injection moulding; additive manufacturing; hybrid part; continuous fibre reinforced inserts; topology 

optimisation 

1. Introduction

Over decades, numerous manufacturing processes have been developed that enable the processing of 

polymers. Injection moulding has established itself as a standard process in industrial applications for the 

production of polymer parts. Due to the high level of existing know-how and the optimal control of the 

processes in the field of injection moulding, this manufacturing process enables the high-quality and cost-
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effective production of polymer parts in large quantities (large-scale production). The wide range of available 

materials also makes injection moulding interesting for the industry. However, the large number of 

advantages is offset by a number of disadvantages. The strengths and stiffness’s when using thermoplastics 

are low in relation to metal materials and are also stress-dependent [1]. Due to these circumstances, these 

injection-moulded parts are not suitable for high stresses, which means that the weight advantage of metal 

materials is no longer decisive. 

To leverage more of the lightweight potential of injection-moulded parts, it is necessary to improve their 

mechanical properties. Technically feasible approaches already exist, in which unfilled plastics are 

substituted in the injection moulding process by short (0.1 – 1.0 mm) or long (1.0 – 50.0 mm) glass fibre 

reinforced polymers. However, the use of significantly better reinforcing continuous fibres (endless) is not 

feasible here, as these fillers cannot be processed in injection moulding. Therefore, there is still a need for 

research in the case of local stress and simultaneously required minimum weight. [1] For these requirements, 

however, one alternative is to integrate continuous fibre into an injection-moulded part using an additional 

manufacturing process. In this case, additive manufacturing can be used to significantly improve the 

mechanical properties of polymer parts and utilizing the geometrical freedom to locally reinforce the 

polymer part [2-8].  

Accordingly, the aim of this scientific work is to develop a concept to improve the mechanical capabilities 

and at the same time save material and reduce weight of an injection moulded part by inserting an additive 

manufactured continuous fibre reinforced part. For this purpose, a virtual product development process is 

applied. 

2. State of the Art 

Insert technology is one way to open up further lightweight potential and at the same time improve the 

mechanical properties of an injection-moulded part. Here, the designing engineer can react to the local 

stresses and reinforce the stress hotspots in the injection-moulded part by locally positioned inserts. In 

polymer processing techniques usually, the inserts are made of metallic materials. Using metal inserts can 

create a friction or form bond and for material bonding a post processing step has to be applied. However, 

when the part volume is small, it is difficult to transfer the load to the metal. Following the example of long 

glass fibre reinforced injection moulding, inserts made of continuous fibre reinforced polymer composites 

offer new manufacturing possibilities. Thus, mechanical properties can be significantly increased at the areas 

subjected to the highest local stresses. For example, local reinforcement offers the possibility of reducing 

ribbing, wall thicknesses, and the long glass fibre filler content, which leads to further material and weight 

savings [1]. To realize the material and weight savings, continuous fibres can be integrated into an injection-

moulded part via an additional upstream manufacturing process. The additive manufacturing technologies 

offer new approaches for this purpose.  

The additive manufacturing process of material extrusion (MEX), which uses filaments as semi-finished 

products for producing parts, is increasingly developing from a manufacturing process for prototypes to a 

manufacturing process for end use parts. Similar to other polymer processing methods, mechanical properties 

of the manufactured parts can be further enhanced by MEX through the addition of fillers such as 

nanomaterials, particles or short fibres to the used filament. These composite filaments are characterised by 

high mechanical properties at low weight and very good functionality. However, the mechanical properties 

of short fibre reinforced composites produced by additive manufacturing are still more anisotropic with 

composites produced by conventional methods, depending on the orientation of the additive manufactured 

part and the processing parameters of the additive machine.  For the production of continuous fibre reinforced 

thermoplastic parts, MEX promises to be an alternative to conventional process chains, since no cost-

intensive equipment, such as tooling or autoclave, is required [9, 10]. In general, the additive manufacturing 
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process MEX for producing continuous fibre reinforced polymer parts uses a multi-material approach. Two 

filaments (continuous fibre reinforced filament with polymer matrix and an unfilled polymer filament) are 

heated up and extruded layer by layer in order to manufacture a continuous fibre reinforced polymer part 

(see Figure 1). 

 

Figure 1: Schematic structure of the Additive Fusion Technology [11] 

Therefore, the geometry of the additive manufactured continuous fibre reinforced polymer inserts can be 

individually and digitally adapted to the exposure path. In general, when processing the continuous fibre 

filament, their dimensions must be taken into account, since their stiffness means that they cannot be 

processed in the MEX in the same way as the unfilled polymer filaments because of the lower bending radius 

in comparison to the unfilled polymer filaments.[11] 

9T Labs' Additive Fusion Technology (AFT) uses the strategy of upstream co-extrusion process for 

composite filament production and dual extrusion method in the manufacturing process (Figure 1). The 

composite filament's fibre volume content of 60% is very high compared to others available on the market. 

[11, 12] 

3. Methodology 

The objective was to improve a reference part from the automotive industry: armrest. To increase the strength 

combined with a simultaneous reduction in weight, further development in design, simulation and production 

technology were necessary. The standard reference part was made of a long glass fibre reinforced 

thermoplastic using an injection moulding process. The approach pursued to increase strength was the use 

of continuous fibres, which could not previously be introduced or processed in the injection moulding 

process. The continuous fibres were integrated in an upstream production stage. Therefore, in order to 

achieve an improvement in strength, locally additively manufactured continuous fibre reinforced polymer 

inserts were implemented in the reference part. Additive manufacturing could be used to individually 

manufacture filigree structures from pre-stretched continuous fibre reinforced polymer filament with a rough 

surface without the need for tools, which was not possible using previous manufacturing technologies. The 

rough surface in case of the high fibre content is used for better bonding in injection mould and the 

continuous fibre reinforced insert. The simultaneous weight savings were achieved by using virtual product 

development tools to design the hybrid part. By identifying the load flow in the reference part, the part could 

be strengthened at highly loaded locations and material saved at less loaded locations (see Figure 2) 
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Figure 2: Procedure for the developed hybrid part 

In the first step of the process chain for hybrid parts, the boundary conditions of the reference part were 

defined, which reflected the conditions of use in reality. In particular, the load situation and the mounting 

conditions of the reference part were to be mentioned as boundary conditions. Based on these boundary 

conditions, a load-optimised reference part was developed in the subsequent step. A finite element analysis 

(FEA) and a topology optimisation were carried out to determine the optimum material distribution in the 

reference part in terms of the load. The reference part was redesigned on the basis of these simulation results. 

This already enabled an initial lightweight design potential to be raised. In addition, the simulation results 

served as a preliminary stage for analysing the possible position and alignment of the continuous fibre 

reinforced inserts. 

Before the design of the continuous fibre reinforced inserts could begin, it was necessary to evaluate the 

position in the injection-moulded part in which the continuous fibre reinforced inserts would be over-

moulded and how much space they would take up in the geometry of the injection-moulded part. The shape 

of the continuous fibre reinforced inserts was restricted by the geometry of the injection-moulded part and 

should be aligned with the stress distribution in the part [13, 14]. For this reason, the design of the continuous 

fibre reinforced inserts was based on the results of the FEA calculation, in addition to the restrictions imposed 

by the space and the manufacturing constraints resulting from the additive manufacturing process. In the 

material model the anisotropy resulting from the injection moulding process also had to be taken into 

account. [15] 

The next step was the virtual development of the hybrid reference part, which consists of two parts: the load-

optimised injection-moulded part and the continuous fibre reinforced insert. In this stage of the development 

various virtual product development tools were used to design the hybrid reference part. An iterative process, 

combining FEA, topology optimisation and redesign, was run through to determine a load-optimal design 

for the hybrid reference part. The focus was on further weight savings by optimising the injection-moulded 

part and determining the geometry and optimal number of layers of the continuous fibre reinforced inserts. 

The strength of the hybrid reference part was simulatively validated using FEA For the simulation of the 

mechanical behaviour of the continuous fibre reinforced insert a non-linear anisotropic material model was 

used. (see Figure 3) 
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Figure 3: Procedure of virtual product development of the hybrid part 

The optimum resulted from the cost aspect, whereby the size of the continuous fibre reinforced inserts was 

predominant, the insert costs were significantly higher than those of the injection-moulded part. Therefore, 

the optimal number of layers was primarily determined. The number of layers was considered optimal if the 

hybrid part reached the minimum safety factor and a further increase in the number of layers would not result 

in a significant improvement in strength or a reduction in the safety factor observed.  

At the beginning, a topology optimisation of the reference part, which was normally manufactured by 

injection moulding, was carried out. The results of the topology optimisation were used as an indication of 

the areas where material and corresponding weight could be saved. Subsequently, the newly designed 

topology optimised hybrid part had to be validated by performing FEA calculations for the critical load 

cases. The boundary conditions were the same for all FEA calculations. The safety factor of the topology 

optimised part was used as the primary decision criterion for evaluating the strength of the hybrid part. Here 

a minimal safety factor had to be achieved so that the material did not fatigue under loading cases. Especially 

fibre fracture have to be prevented . For the further procedure for integrating the continuous fibre reinforced 

inserts, the determined load optimised structure served as the design basis of the hybrid part. The results of 

this FEA calculation were used to locate the optimal positions for the continuous fibre reinforced inserts. 

Due to the load distribution and the formation of weld lines in the part, the area of the armrest's bearing 

surface and the area of the assembly suspension on which the armrest was mounted to the car seat were 

identified as critical.  Therefore, the continuous fibre reinforced inserts were used in these areas to further 

reinforce the part. The main objective was to ensure that the load flow when the armrest was under stress 

was primarily directed into the continuous fibre reinforced inserts and thus into the fibres, which leaded to 

the load relief of the topology optimised structure. The next step was to determine the design of the 

continuous fibre reinforced inserts. The design was limited on the existing volume of the topology optimised 

injection-moulded part and the manufacturing restrictions of the continuous fibre reinforced additive 

manufacturing process (layer height 0.27 mm, fibre width: 1.1 mm). In the first instance, the optimum 

number of layers of the continuous fibre reinforced inserts were determined, starting with a minimum 

number of layers of two. Subsequently, the structure of the hybrid part was validated by means of renewed 

FEA calculations. This involved checking whether the topology optimised structure together with the 

continuous fibre reinforced inserts (hybrid part) was sufficient for the existing loads. In particular, the focus 

here was on the continuous fibre reinforced inserts, where it was important to avoid fibre breaks so that the 
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load flow continued to be directed into the fibres. If the FEA calculation of the topology optimised hybrid 

part results insufficient safety factors the continuous fibre reinforced inserts were primarily redesigned by 

increasing the number of layers. If necessary, many iteration loops had to be performed until the optimum 

number of layers was achieved and the requirements of the topology optimised hybrid part could be observed 

simultaneously.  

However, if the threshold of the safety factors and the total deformation could not be exceeded or not reached 

and if there was no more space to increase the number of layers of the continuous fibre reinforced inserts, a 

constructive adaptation of the topology optimised part had to be carried out. This meant that too much 

material was removed in the first step of the topology optimisation and the continuous fibre reinforced inserts 

could not compensate loss of strength due to the material reduction.  

Therefore, an improvement of the stability of the topology optimised hybrid part had to take place by a 

constructive modification of the topology optimised structure. At this point, the iteration loop for 

determining the optimal number of layers and observation with the requirements for the topology optimised 

hybrid part started all over again. If, however, the optimal number of layers and the requirements for the part 

were achieved, it might also be possible to save material and weight by reducing the material additionally. 

The weight saving was to be chosen as the termination criterion of the iteration loop. As soon as no 

significant weight advantage could be achieved by the constructive modification of the topology optimised 

structure, the iteration loop was terminated and the continuous fibre reinforced insert did not result in a 

significant improvement of the strength. The procedure was characterised by numerous iteration loops until 

a result could be achieved. These iteration loops were carried out until the constructive redesign of the 

topology optimised structure showed no weight advantage compared to the reference part.  

Following the virtual validation of the topology optimised hybrid part, the physical validation procedure of 

the process chain for hybrid parts was carried out. After the continuous fibre reinforced inserts had been 

additively manufactured, they were inserted into specially provided and appropriately designed cavities in 

the injection mould. The inserts were manufactured from a continuous fibre-reinforced polymer filament, 

composed of 60 wt.-% 3K fibre filament count tows and 40 wt.-% Polyamide 12 polymer. Then the 

continuous fibre reinforced inserts were over-moulded with polymer (Polyamide 66 with 30 wt.-% glass 

fibre content). Otherwise, the process did not differ from the conventional injection moulding cycle. It was 

essential for a good injection moulding result that the continuous fibre reinforced inserts were suitably fixed, 

because otherwise the complete encapsulation by the melt was jeopardised and warpage could occur [1]. 

Furthermore, additional criteria had to be observed when the polymer melt flowing around the inserts. 

Ideally, the position of the continuous fibre reinforced inserts should be chosen advantageously in relation 

to the weld line positions in order to avoid air inclusions. Therefore, the flow of the melt around the 

continuous fibre reinforced inserts had to be optimised. In addition, the reorientation of the long glass fibre 

of the injection moulding material had to be taken into account, which occurred when flowing around the 

inserts by the polymer melt. The long glass fibres aligned along the continuous fibre reinforced inserts and 

enveloped these. The flow direction of the melt also helped pre stretching the continuous fibres in the load 

direction [4]. 

In the last step of the development several selected prototypes of the hybrid reference parts were 

manufactured, which have different modifications of the continuous fibre reinforced inserts (path design of 

the continuous fibre or the number of layers of the inserts). In this process, continuous fibre reinforced inserts 

were additively manufactured from a composite filament using the continuous fibre reinforced MEX process 

AFT. The continuous fibre reinforced inserts were placed in an injection moulding tool and over-moulded 

with long glass fibre reinforced thermoplastic. By attaching polymer distance keepers to the continuous fibre 

reinforced inserts, it was possible to ensure that they hold their position in the injection mould. Finally, the 

hybrid parts were validated by means of a test set-up that reproduced the real load situations in the mounted 
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state. This was used to validate the results from the simulation and to qualify the development process for 

series production. 

4. Results 

The technical analysis of the hybrid part compared to the reference part showed a 19.5% reduction in weight 

in the primary objective of weight saving. In the first critical load case (load from above), a 38.1% lower 

deformation was achieved (see figure 4). The specified maximum load and deformation limits resulting from 

the application were adhered too. In addition, failure in the area of the weld line could be avoided due to the 

continuous fibre reinforced inserts.  

 

Figure 4: Comparison of reference part (IM) and hybrid part (IM + AM) 

During the simulations, it was observed that an increase in the number of layers of the continuous fibre 

reinforced insert up to an optimum has a positive influence on the increase in the strength of the hybrid part. 

Further layer number increases beyond the optimum result in a reduction of the strength. This can be 

explained by the interlaminar interaction of the individual layers, whereby delamination takes place and the 

detachment of the individual layers leads to an overall reduced reinforcing effect of the continuous fibre 

reinforced inserts. The delamination beyond the optimum layer number of the inserts occurs because of the 

reduced layer bonding during long manufacturing time. The long manufacturing time results in 

inhomogeneous cooling conditions, which have a negative impact on layer bonding. In addition, the weak 

point of the weld lines could be compensated by the reinforcing effect of the continuous fibre reinforced 

inserts. A shift of the fracture points away from the critical area of the assembly fixture to the front area of 

the armrest was observed. The economic analysis of the hybrid part showed that the costs were still too high 

for the application in the automotive industry. The value of 5 €/kg additional costs per saved kilogram in the 

prototypes, which is usual for the automotive industry, was exceeded. However, it is an attractive solution 

for special solutions in vehicles or for applications in medical technology or the aviation industry. 

5. Summary and Outlook 

To answer the research question, which focuses on achieving lightweight construction goals in a long glass 

fibre reinforced injection-moulded part, the concept of continuous fibre reinforcement was developed. The 

lack of processing possibilities for continuous fibres within the injection moulding process made it necessary 

to add another manufacturing process to integrate the continuous fibres (process chain for hybrid parts). The 

continuous fibres were implemented as semi-finished products according to the principles of insert 
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technology. For the production of these continuous fibre reinforced inserts, the continuous fibre reinforced 

additive manufacturing was selected. An iterative procedure for the virtual product development of a hybrid 

part could be worked out. Especially the interaction of different tools of virtual product development from 

design, FEA validation and simulation has an innovative character. Furthermore, it should be critically noted 

that the anisotropic elastic constants and strengths of the parts and materials for the FEM and simulation 

were determined by semi-empirical equations, since no reliable material parameters were available from the 

manufacturers or in the literature. More realistic simulation results can be expected if the anisotropic elastic 

constants and strengths are determined experimentally by means of tensile tests. In addition, the quality of 

the simulation results can be increased if there is a better interface between injection moulding and FEM 

simulation. In this context, further developments of the software are to be made with regard to the 

consideration of continuous fibre reinforced laminates in the injection moulding simulation according to the 

principles of insert technology. 

Nevertheless, the validation of the hybrid parts showed that the simulation results correspond to the real load 

situation in terms of strength. In the hybrid parts, a further increase in the mechanical part properties could 

be achieved by optimising the continuous fibre reinforced inserts. The technical analysis of the hybrid part 

compared to the reference part showed a 19.5% reduction in weight in the primary objective of weight 

saving. In the first critical load case (load from above), a 38.1% lower deformation was achieved. An 

additional adaptation of the injection moulding tool is not necessary for this. In particular, the optimal 

increase in the number of layers to stabilise the continuous fibre reinforced inserts in the injection moulding 

tool. Likewise, the strength of the hybrid part can be further increased by compressing the continuous fibre 

reinforced inserts (improved layer adhesion of the individual continuous fibre layers). 

The bonding of the inserts with the injection-moulded matrix of the hybrid part creates a material, form and 

friction bond without the need of a post-processing step. Whereas with metal inserts only a friction or form 

bond can be created and for material bonding a post processing step is necessary. This is favoured by a low 

heat distortion temperature of the polymer matrix of the continuous fibre reinforced inserts, so that the 

polymer matrix of the continuous fibre reinforced inserts is also melting during over moulding with the long 

glass fibre reinforced thermoplastic. This results in an atomic bond between the two polymer matrices when 

the part solidifies. 

Considering the economic circumstances of the application in automotive industry the part costs to achieve 

this weight saving are considered too high, if the acceptable additional costs per weight saved in the 

automotive industry (5 €/kg) serve as a reference. Therefore, the application in aviation industry in order to 

substitute metallic parts through hybrid parts can be considered.  

Furthermore for more applications the superior thermal and electrical properties of the continuous fibre 

reinforced inserts can be utilised. Besides the enhancement of mechanical properties and the weight saving 

potential the continuous fibre reinforced inserts can reduce thermal expansion and increase the thermal 

conductivity for the application in the optics industry. The high electrical conductivity of the continuous 

fibre reinforced inserts can also be used to integrate sensors and selective conducting paths in injection 

moulding parts. 
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Abstract 

Despite a high degree of uncertainty about the scope of future orders and the corresponding capacity and 

material demands, Maintenance, Repair & Overhaul (MRO) service providers face high expectations 

regarding due date reliability by their customers. To meet these requirements while at the same time keeping 

delivery times short, the availability of the required spare parts or pool parts is an essential success factor. 

As these cannot be kept in stock in large quantities due to their high monetary value, reliable spare parts 

demand forecasts are of vital importance for the profitability of MRO service providers. As a result of a high 

degree of information uncertainty and the mostly lumpy demand patterns, conventional time-based and 

statistical methods do not show sufficient forecasting quality for application in the MRO industry. Data-

based approaches incorporating machine learning methods offer promising capabilities to achieve improved 

predictive accuracy but still need to be adequately linked to production planning and control to realize their 

full potential. This paper first analyses potential approaches to spare parts demand forecasting in the MRO 

industry, focusing on forecast accuracy and potential for integration into material and production planning. 

Based on this, a classification of demand forecasting approaches is presented and an approach for order-

based material demand forecasting with two-step feature selection is proposed. Finally, the presented 

approach is applied on a real dataset provided by an MRO service provider.  

Keywords 

MRO; spare parts demand; forecasting; Machine Learning; Artificial Neural Networks. 

1. Introduction

Maintenance, Repair and Overhaul (MRO) of complex capital goods, such as aero engines or wind turbines, 

is also known as “regeneration” [1].  This process comprises the disassembly, inspection, repair, reassembly, 

and test (quality control) of mostly high value products [2]. In addition to this, there are up to two pooling 

stages in the regeneration supply chain (see Figure 1) to provide repairable or serviceable spare parts to their 

downstream processes and by this improve robustness against disturbances or material shortage along the 

regeneration process. [3]. These pools are filled either from the respective upstream processes or via the 

procurement of new or used parts. The availability of the pool parts and the precision of the corresponding 

demand forecast thus have a significant influence on the punctuality of the material supply for the reassembly 

and the achievable adherence to delivery dates of the MRO service provider to its customers [4]. In turn, the 

on-time delivery by MRO service providers is complicated with the high degree of uncertainty about the 

future work scope at the beginning of the regeneration process. Due to the complexity of goods to be repaired, 

it is not possible until the end of the inspection to recognize all existing damages and thus to plan repair 

operations and forecast the material demand. Furthermore, it is uncertain, whether a component can be 

repaired or has to be replaced (e.g. due to heavy damage) [1]. 
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Figure 1 – Universal supply chain structure for the regeneration of aero engines [5] 

As the spare parts cannot be kept in stock in large quantities due to their high monetary value, reliable 

forecasting is a crucial factor to ensure the profitability of the MRO service provider. Because of the lumpy 

patterns of spare parts demand, which will be described in the next section, traditional time-series and 

statistical forecasting methods do not provide sufficient forecasting quality for application in the MRO 

industry [6]. However, today more and more condition data, e.g. oil pressure or temperatures are measured 

during operation, which can be indicators regarding the wear of components [7]. Besides these quantitative 

parameters, also qualitative parameters, such as region, climate, maintenance politics of aircraft operator or 

owner have to be considered while forecasting material demand. This is possible e.g. using Machine 

Learning (ML)-based methods, which thus are the focus of this paper. Based on a brief introduction to spare 

parts demand classification a brief analysis of characteristics of spare parts demand in the MRO industry and 

potential methods for spare parts demand forecasting is performed in section 3. Based on this, section 4 

presents a hybrid approach to spare parts demand forecasting and outlines the first prediction results 

obtained. Finally, conclusions are given in section 5. 

2. Spare parts demand in the MRO industry 

Spare parts demand can be categorized, using periodicity (inter-demand intervals) and quantity variation. 

Typical demand structures are smooth, erratic, intermittent and lumpy demand (see Table 1) [8,9]. 

Table 1 – Demand categorization according to [8], [9] 

Demand Type 
Inter-demand 

intervals 

Quantity 

variation 

Smooth 
Low 

Low 

Erratic High 

Intermittent 
High 

Low 

Lumpy High 

 

Smooth and erratic demand patterns can be distinguished according to quantity variation, which is relatively 

low in the case of smooth demand patterns and relatively high in case of erratic demand. Periods between 

demand occurrence are small in both cases. Intermittent and lumpy demand is characterized by the mostly 

random appearance of demand and many periods of zero demand. Furthermore, lumpy demand, in 

comparison to intermittent demand, shows high variance in spare parts quantity [11,10]. Cut-off values 

regarding the separation of these demand patterns are proposed in [10]. Considering complex capital goods 

like aircraft about 80% of the demand for repair, and corresponding material demand comes up unplanned 

[12]. Due to this and corresponding uncertainties regarding damage pattern, work scope  and spare parts 

demand of unplanned MRO-activities can mostly be categorized as intermittent or lumpy (cf. [6] for sources 

of intermittency and lumpiness for aircraft spare parts). Hence, different forecasting methods and potential 

fields of application in forecasting of intermittent or lumpy demand are analyzed in the next section. 

ReassemblyDisassembly

Capital good in service

Inspection QARepair

Pool
SA

Pool
RA
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Serviceable partsSA:

Quality assuranceQA:

Procurement
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3. Literature review: Forecasting of material demand 

Methods for demand forecasting methods overall can be grouped in deterministic, stochastic demand 

assessment and subjective estimation methods [13]. [14] categorizes forecasting approaches depending on 

the influencing variables in causal, lifecycle, time series and consumption analysis. A differentiation between 

qualitative and quantitative approaches is used in [15], whereby the quantitative methods are subdivided in 

uni- and multivariate methods. [16] uses a similar structure but subdivides quantitative methods in time-

series and causal forecasts. An alternative classification is presented in [17] that distinguishes between past-

based and future-based methods, each divided into qualitative and quantitative methods. These are further 

differentiated in methods for forecasting of time and quantity of material demand by  [18]. These approaches 

to classification of material demand forecasting form the basis for the classification scheme (see Figure 2) 

that is presented in the following sections. 

3.1 Deterministic approaches 

Deterministic demand forecasting methods are methods by which material demand is determined solely 

based on an existing independent primary demand [13]. These methods comprise analytical and synthetic 

approaches [13]. Analytical methods rely on the bills of material of the finished product. Based on them, the 

demand on finished product (primary demand) is disassembled in demand for subassemblies and 

components [13]. Synthetical methods to forecasting make use of parts usage lists as a forecast basis and are 

suitable especially for long-term planning [13]. Another deterministic approach is e.g. consumption analysis. 

This method is based on maintenance measures planning [14]. Due to their inability to consider uncertainties 

and thus unplanned material demand in the regeneration process, deterministic approaches are only suitable 

for spare parts provision during planned regeneration events (e.g. mandatory replacements of components). 

For intermittent and lumpy demands, which are in the focus of this paper, stochastic methods are commonly 

used [19]. 

3.2 Stochastic approaches 

Stochastic demand forecasting can be defined as "mathematical-statistical methods, in which past 

consumption values are used to infer future demand” [13]. These methods can again be grouped into 

quantitative and qualitative. Quantitative stochastic methods include univariate and multivariate approaches 

[15] that are presented separately in the following sections. 

3.2.1 Quantitative univariate approaches 

Univariate approaches are those based on consideration of only one independent variable and include e.g. 

time-series and life-cycle analysis. Time-series methods are methods by which the forecasting for a future 

time horizon is made based on a demand history from the past. Among others, the approaches based on well-

known statistical methods, such as exponential smoothing or moving average, are to be emphasized. 

Statistical methods for forecasting intermittent and lumpy demands were first studied by CROSTON [20]. In 

his work, he found that exponential smoothing does not provide sufficient forecast quality to forecast 

intermittent demand and proposed his method, based on exponential smoothing, in which demand rate and 

time intervals between its occurrence are analyzed and forecasted separately [20], [21]. [10] and [22] 

identified a bias in CROSTON’s method and introduced an additional correction factor to avoid this bias. 

Further statistical methods for predicting intermittent and lumpy demand are also presented and discussed 

in [23], [24], [25] and [26]. 

Life-cycle analytical methods for demand forecasting are based on an "estimation of the time until failure of 

the corresponding component" [14]. These methods are based on failure rates or, in other words, the 

probability of a failure as a function of its lifetime [15]. Practical studies on these methods are presented e.g. 

in [27] and [28]. 
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Time-series and life-cycle analytical methods are easy to use and require a relatively small amount of input 

data. Nevertheless, the increasing number of influencing factors that MRO service providers are provided 

with, e.g., from condition monitoring systems, cannot be taken into account completely with the help of 

these approaches, which leaves potential for improvements of the forecast quality unused.  

 

Figure 2 – Classification of demand forecasting methods (based on [13], [14], [15], [16], [17], [18]) 
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3.2.2 Quantitative multivariate approaches 

As forecasting material demand is usually dependent on more than one variable, multivariate forecasting 

methods are gaining more and more importance over the recent years. These methods include 

coefficient-based and causal analysis methods [15]. These approaches typically apply data from the use 

phase, for example using condition monitoring systems, or the maintenance phase of the goods (cf. [7]). 

Coefficient-based methods consider several influencing factors (quantitative and qualitative) to determine a 

wear coefficient (cf. [15] for definition). These methods include, for example, ML-based methods, such as 

Artificial Neural Networks (ANN) that represent simplified representations of the biological neural network 

(cf. [29] for the definition of ANN). They consist of several information processing units (“neurons”) that 

contain mathematical functions and are interconnected. The signals entering a neuron are weighted and 

converted into the output signals using an activation function. To do so, the ANN is trained based on a 

training data set, e.g. to achieve desired prediction results. Lumpy demand forecasting using a multilayer 

perceptron (MLP) type of ANN is explored and analyzed in [8], [30], and [31]. The analysis of  60 

contributions related to ANN-based intermittent demand forecasting in [8] reveals, that MLP-based methods 

provide the best forecasting performance compared to other types of ANN. Above mentioned research also 

proves that the forecasting accuracy of MLP outperforms that of time series analytical methods. Other 

ANN-based methods for forecasting material demand are investigated in [32] (e.g. Recurrent Neural 

Networks (RNN)), that also show good results in the forecasting of non-stationary demand in the field of 

aircraft spare parts management. Through good forecasting performance, big input-data requirements as well 

as poor traceability auf causal relationships can be highlighted as disadvantages of ANN-based methods. 

These can be identified using causal analysis forecasting methods [15]. One of the most common causal 

forecasting methods are Bayesian networks (BN). BN are a set of variables (nodes) and directed edges 

between them, that form a directed acyclic graph (DAG). Edges of this graph represent potentially causal 

dependencies between the nodes [3], [33]. First applications of different types of BN (expert-initiated BN, 

data-based BN, and hybrid ML-based BN, which combines the first two approaches) for forecasting lumpy 

spare parts demand are performed in [34]. Here, the hybrid BN outperforms the expert-initiated BN and the 

data-based BN as well as logistic regression in terms of prediction accuracy [34]. First applications of BN 

in regeneration logistics can be found in [3]. In this context, they are used to determine the probability with 

which regeneration orders are required for a component or an assembly. For this purpose, the product 

structure of the regeneration good is represented in form of a BN, in which the assemblies and components 

are mapped as its nodes. The edges are derived from the product structure and existing influencing factors. 

For the determination of the initializing probability distribution, existing service data from the past is 

provided as the basis for the BN. In both [3] and [34] good causality determination performance of BN is 

reported. In contrast to time-series based methods, quantitative multivariate forecasting can be used for 

order-specific forecasting to predict the demand for a certain regeneration order, e.g. based on conditional 

or operating data of a certain regeneration good. However, this only allows the total demand per order to be 

predicted and does not include information about the specific time this demand occurs. This is illustrated 

graphically in Figure 3 using a fictitious demand time-series. 

 

Figure 3 – Types of material demand forecasting 
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3.2.3 Qualitative approaches 

Qualitative approaches are methods based on expert estimates or the analysis of existing information 

(without causality determination) about the forecasting asset. These can be subdivided in past-based and 

future-based qualitative forecasting methods. Methods based on past data include, for example, relevance 

tree analysis. The future-based methods include, among others, questioning, brainstorming, Delphi method, 

and scenario technique. [17]. Although qualitative methods are widely used for spare parts demand 

estimation in the MRO sector due to their simplicity, they are still strongly dependent on individual, 

subjective estimations and thus can neither be proven by data, nor can they be reproduced or even automated. 

Due to high financial risks, the high variability in demand as well as the complexity of the goods, the quality 

of the forecasts is often insufficient, which is why they are not the focus of this paper.  

3.3 Hybrid approaches to material demand forecasting 

Hybrid forecasting approaches combine different forecasting methods to improve forecast accuracy. In [35] 

hybrid approach for intermittent demand forecasting in the semiconductor supply chain is proposed, which 

combines RNN-based and time-series-based methods. In this study, the presented method outperforms 

time-series and RNN-based forecasting methods in terms of demand prediction accuracy. In [36] a hybrid 

approach for material demand forecasting dedicated to the mining industry is proposed. It combines 

regression modeling and ANN-based method and which also shows better forecasting performance 

compared with time-series and ANN-based methods as standalone approaches.  

The overview of relevant literature has shown, that advanced ANN MLP-based approaches outperform 

conventional statistics methods in forecasting accuracy. Hence, in the following section an ANN-based 

order-specific approach dedicated to the MRO industry is presented. This order-specific forecast could 

afterwards potentially be distributed over the demand time periods, which could be a topic of further 

research. 

4. Overview of ANN MLP-based approach for material demand forecasting 

As mentioned in section 3, ML-based and, especially, ANN MLP-based methods provide better forecasting 

performance in comparison to the time-series methods. In this section, hence, an approach for systematic 

application of ANN for order-specific material demand forecasting in the MRO industry is presented. First 

the approach functionality and general process is presented in section 4.1. Afterwards its software-based 

implementation based on real dataset provided by MRO service provider is presented in section 4.2.  

4.1 Overview of approach functionality 

The performance of ANN MLP-based methods can be significantly improved by the selection of relevant 

input-features (cf. [38,37]). The approach presented in this section (see Figure 4) is focused on sufficient 

data preparation and feature selection for ANN MLP-based order-specific demand forecasting for the MRO 

industry. It combines qualitative and causal analysis methods into a two-step process to select relevant 

features and, by this, increase forecasting accuracy. The structure of the approach is based on typical 

structure of data analytics project, presented e.g. in [39]. Consequently, the first step of the approach is data 

preparation based on typical datasets available to MRO service providers. This usually comprises condition 

parameters, contractual information, customer related data and data from previous regenerations of similar 

or the same product. To apply ANN-processing this data needs to be prepared accordingly (e.g. through 

normalization). Afterwards the data irrelevant to the subject area needs to be excluded – usually in 

corporation with a subject area expert (e.g. internal customer numbers). This may help to decrease 

computational time and costs for the next FS-step (see Figure 4). After this assessment and basic filtering of 

irrelevant features, systematic techniques for feature selection have to be applied to avoid redundancy [37], 
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which can not be identified during expert evaluation, as well as to enhance the understandability and to 

minimize the effort of further data processing [38].  

  

Figure 4 – ANN MLP-based approach for material demand forecasting in the MRO industry 

This paper focuses on Forward Feature Selection (FFS) only as one of the most popular feature selection 

methods. This represents an iterative approach, that progressively adds features that improve the model’s 

forecasting accuracy the most until no additional accuracy can be gained [40]. Due to the increasing number 

of features available in regeneration this needs to be supported systematical. To do so, BN are chosen as a 

model learner, due to their good performance in the identification of interdependencies as reported in [3] and 

[34]. After relevant features have been selected, forecasting can be performed and analyzed using statistical 

failure rates. This assessment allows for a preliminary evaluation of forecasting results. If the applied 

forecasting method did require the normalization of data during pre-processing, data has to be denormalized 

to obtain forecast values usable in practice.  

4.2 Software-based application of ANN-based order-specific demand forecasting 

For validation of the proposed approach functionality, it was applied to a real data set, provided by an MRO 

service provider. The data provided comprises more than 600 datasets with 22 qualitative and quantitative 

parameters each. The data preparation and forecasting method were implemented using the open-source 

visual-programming tool KNIME Analytics Platform v4.5. Using above described two-step-FS the following 

features were selected: cycles since new and last regeneration and (partially) product owner, region of 

operation, regeneration project type. To analyze the forecasting accuracy the results obtained by forecasting 

with one-step (only expert estimation) feature selection is compared with results obtained using the presented 

two-step (expert estimation and FFS) feature selection based on typical statistical measures: Mean Absolute 

Error (MAE), Mean Squared Error (MSE) and Root Mean Squared Error (RMSE) (see Table 2). In this 

comparison the normalized values are used for better understanding of the range of the forecasted value. The 

training algorithm was repeated ten times to determine the achievable range of forecasting accuracy. 

Table 2 – Comparison of forecasting accuracy of ANN MLP with one-step and two-step of feature selection 

Error MAE MSE RMSE 

ANN MLP (1 St.) 0,292…0,300 0,115…0,135 0,339…0,367 

 ANN MLP (2 St.) 0,288…0,299 0,112…0,120 0,340…0,346 

 

The comparison confirms that ANN MLP-based approach with two stages of feature selection outperforms 

the similar order specific approach with only one step of feature selection (expert evaluation) in forecasting 

accuracy. It needs to be mentioned, that in this example only required demand for serviceable components 

were forecasted, as there was no information on capacity demands per regeneration order, which have to be 

included for demand forecasting and demand-oriented inventory dimensioning of repairable spare parts. For 

comparison with conventional time series-based approaches, it also has to be taken into account that the 

prediction results obtained with the ANN-MLP approach so far only forecast order-specific demands without 

their demand timing. Consequently, it requires a scheduling of the demands based on the probability of 

occurrence of the regeneration events as well as the delay in demand based on the date of occurrence of the 

regeneration events. A potential approach to this estimation is described in [41] that uses a hybrid approach 
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of data mining and logistics models to predict throughput times of regeneration orders. As mentioned in 

section 4, this coupling should be focused next to allow for an application in the MRO industry. 

5. Summary and outlook

Despite various research regarding the prediction of mostly intermittent or lumpy spare parts demand in the 

MRO-industry service providers still lack suitable and applicable approaches to spare parts demand 

forecasting using available quantitative and qualitative information. In this paper, different methods for 

material demand forecasting are analyzed, compared and systematically structured. Here it needs to be 

differentiated between time-based and order-based forecasting. The literature review has shown, that 

ML- and especially ANN-based forecasting methods significantly outperform conventional time-series

methods in terms of forecasting non-stationary demand. Taking into account MLP as the best performing

approach among other ANN-based methods, a systemic approach for application of ANN MLP to forecast

material demand in the MRO industry was proposed afterwards. Further this approach was applied to a real

dataset provided by an MRO service provider for the prediction of required quantity of serviceable

components with two stages of feature selection (expert estimation and FFS). Its performance was compared

with the similar approach, using one-step feature selection (expert estimation) only, afterwards. This

comparison has shown, that using two-stage feature selection with FFS technique, based on a BN learner,

better forecasting accuracy can be achieved. Further research needs to be dedicated to the hybridization of

time-based and order-based forecasting approaches with the purpose of distributing precise ANN-based

demand forecasts over time periods. In this context, the material demand forecast must also be extended to

include the expected demand for repair, so that inventories of repairable components can also be

systematically taken into account for the purpose of meeting the total material demand. An additional

direction of research is the comparison of alternative feature selection methods and different selection model

learners to further improve forecast accuracy.
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Abstract 

Openness is becoming increasingly important in scientific research and practice. It describes the 

phenomenon of sharing information with other internal or external stakeholders by using different 

technologies, e.g., cloud computing, distributed ledger, or digital twins. Hence, many researchers investigate 

and evaluate the openness of platforms. Alongside these platforms, digital twins are gaining influence in 

industrial processes. A digital twin is a virtual representation of a physical entity connected through a bi-

directional data linkage. Its primary purpose is to visualize, analyze, and optimize production and logistics 

systems. Nevertheless, research shows a lack of knowledge in the domain of the openness of digital twins 

and that the topic has not been addressed adequately. To approach this research gap, this paper provides a 

review of literature-based work on digital twins focusing on logistical contexts. It aims to answer the question 

of how open digital twins are, depending on their use case, purpose, and status as digital twin or digital 

shadow. Through a comprehensive research approach, this paper provides researchers and practitioners with 

meaningful insights into the openness of digital twins. 

Keywords 

Openness; Digital Twin; Production and Logistics; Review 

1. Introduction

It was inconceivable to make internal operations transparent to external stakeholders for decades. Even 

within a supply chain, each company operated within its premises. But transparency along a supply chain 

holds many advantages for logistics because logistics connects places and companies in global networks and 

creates value [1]. Therefore, the aspect of openness has become increasingly important, especially in 

research. Openness results from transparency, which in turn is created by the exchange of data between 

different entities [2]. This data exchange is supported, among other things, by a so-called digital twin. The 

digital twin is a virtual construct of an actual entity with a bidirectional connection [3]. It is this connection 

that enables new applications. Following [4], the interest in the digital twin has increased in research and 

industry. Many companies see great potential in using the digital twin [2], so it will gain further influence 

on industrial operations in the future. One of the primary purposes of a digital twin is to create transparency 

in logistics by solving problems regarding visibility [5]. Nevertheless, as with many digital constructs, e.g., 

virtual platforms, data sharing is often limited by user requirements, data sovereignty of owners, as well as 

suppliers [6]. At this point, the following research question arises: 

RQ1: Are digital twins enabling data sharing within ecosystems? 
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Before research may address the level of openness, we must ensure that digital twins, in principle, can 

provide transparency through data sharing. Then, if data sharing capability is guaranteed, we examine the 

level of openness of digital twins for data sharing. Thus, the second research question reads as follows: 

RQ2: How open are digital twins used in logistics? 

To answer the research questions, we conduct an exploratory examination of the topic area based on a 

systematic literature review following [7] as well as [8]. The paper is structured as follows. First, we provide 

insight into the concepts of digital twins, their data sharing capabilities, and the general concept of openness. 

Then, we give an overview of the research method before we describe the literature review results. After 

that, we explain and discuss our observations. Finally, we summarize the findings and offer contributions, 

limitations, and an outlook for further research topics. 

2. State of the Art 

2.1 Digital Twins 

Digital twins originate from the decades-old concept of physical twins as simulation and experiment 

environments for real-world applications [4]. One of the first noted deployments was the Apollo Space 

Project, in which physical twins mirrored the space capsules for testing purposes. Since then, the concept of 

digital twins has developed continuously. Starting from [3], who defined the digital twin as a combination 

of physical and virtual products that are connected by data and information. Later, [9] extended their view 

as they now see sensors as the primary data source for digital twins. They laid the ground for the digital twin 

as a concept for product life cycle management [10]. 

Simultaneously, NASA pushed digital twin concepts further. Researchers from this ecosystem see the digital 

twin as “an integrated multiphysics, multiscale, probabilistic simulation” [11, p.7]. This paves the way for 

the second research stream in which the digital twin is seen as the current development stage of the classical 

simulation of production and logistic processes [4]. Both research streams combine the fact that they lack a 

fundamental understanding of what a digital twin consists of [12]. In the last two years, extensive research 

and work have tackled this research gap. [13] concentrate on the data flows towards and from a digital twin 

to specify the concept. They demand a bi-directional data flow for digital twins as the distinguishing feature 

between digital twins and digital shadows as well as digital models. [14] extends the digital twin by the 

dimension of services and examines the question of what a digital twin should be able of in hindsight to data 

processing. A more thorough analysis was the creation of a taxonomy of digital twins, which describes the 

digital twin in the eight dimensions data link, purpose, conceptual elements, accuracy, interfaces, 

synchronization, data input, and time of creation [15]. [16] come to similar but more nuanced dimensions 

with their twelve characteristics and extend the eight dimensions with the aspects of physical and 

environment, fidelity, and system state. The latest development is five archetypes of digital twins, ranging 

from a basic twin with low capabilities to a fully enhanced digital twin that can process complex operations 

and monitor and control physical systems [17]. From this research, we follow the most recent and concluding 

definition: “The digital twin is a virtual construct that represents a physical counterpart, integrates several 

data inputs with the aim of data handling, data storing, and data processing, and provides an automatic, bi-

directional data linkage between the virtual world and the physical one. Synchronization is crucial to the 

digital twin to display any changes in the state of the physical object. Additionally, a digital twin must comply 

with data governance rules and must provide interoperability with other systems” [17, p. 14]. Especially, the 

new and not yet in combination with digital twins portrayed dimensions of data governance and 

interoperability are crucial for this paper. Data governance may consist of many rules, but it is not specified 

which rules should apply. For interoperability, three configurations are provided by [17]. There is either no 

interoperability, a certain degree of interoperability via translation devices within the interfaces, or full 
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interoperability between all agents within a given ecosystem. We assume a high level of openness for a fully 

interoperable digital twin, which we will analyze in this paper. A related concept to digital twins is the 

concept of digital shadows. In this paper, we follow the differentiation of [13]. Hence, a digital shadow 

shows many aspects and properties of a digital twin but lacks a bi-directional, automatic data flow. 

[18] have investigated the use of the digital twin and provide an overview of the industries in which digital 

twins are used. Here, the Digital Twin supports simulation, monitoring as well as optimization of the physical 

plant [18,15]. 

2.2 Openness  

The term openness describes the way technologies are used concerning exchanges with other stakeholders. 

The focus here is on the use of technology [19]. According to [20], openness is achieved through 

collaboration between different actors. It is possible that organizational boundaries may limit the actors. 

Thus, it is unnecessary to share the technology with external stakeholders to operate “open”. Thereby, 

transparency is one prerequisite for openness [21]. The challenge is to find the right balance between control 

and openness [22–25]. One challenge, for example, is to create governance rules that appropriately limit 

participants' freedom of action [22]. Therefore, [19] sort openness into different degrees. Closed technologies 

have the smallest degree of openness. Only one actor controls them. Usually, the access for other actors is 

restricted by the owner through, e.g., the imposition of patents or copyrights [19,26]. Opposing technologies 

are those that are used to be purely open. They are accessible to all actors [19]. Between both extremes are 

many levels of openness, which depend on individual use cases. 

The combination of openness and information technologies generates opportunities. Information 

technologies enable a broad scope of open practices such as open source, open source software, and open 

innovation [27]. Open source is often used in the field of programming. The idea is to unify the efforts of 

programmers. Sharing the code or granting access to the code are essential parts of being open source in 

programming. The term is based on open source software [28,29]. The unique feature of the open source 

software is that a comprehensive group of users has access to the software's source code. Furthermore, they 

are allowed to use and to modify the software. These changes give rise to further artifacts, which in turn can 

be distributed. 

In recent years, the term open innovation achieved a lot of attention. Open innovation describes the necessity 

to access a technology and concentrate on an open research and development process [30]. [31] has 

developed six principles regarding open innovation. Among other things, he assumes that it is crucial to use 

the expertise and experience of external parties. This extern research and development create an added value 

that could be useable for the intern analysis. The optimum will be achieved by combining the intern and the 

extern research and development. Since there are several definitions of the term open innovation, [32] defines 

it newly. According to him, open innovation is a distributed innovation process. The basis of this process is 

a consortium of precisely controlled knowledge flows. These go beyond the boundaries of the company. 

These knowledge flows are used in a targeted manner in line with the business model. 

3. Research Method 

The aim is to analyze the digital twin in logistics in terms of its openness. For this reason, the research 

method starts with a structured literature analysis according to [7] and [8] to obtain an overview of existing 

literature. Thus, the first step is the database search. Therefore, the search string has been defined. The search 

should focus on the digital twin, which results in the first part of the string "Digital Twin". Furthermore, the 

search is to be restricted to the domain of logistics. Since in English, the terms "logistics" and "supply chain" 

are sometimes used as synonyms, the second part of the search string ("Logistics" OR "Supply Chain") 

results. The subject area of openness is not specifically narrowed down at this point. Some publications 
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describe the construct of openness but do not explicitly call it openness. The search result confirms this 

statement (see [33,34]). The entire search string reads as follows "Digital Twin" AND ("Logistics" OR 

"Supply Chain"). This has been entered into five common databases (AISeL, IEEEXplore, WoS, Scopus, 

and Science Direct). To make possible developments of the digital twin visible, the search has not been 

restricted to a publication period. Also, to obtain a high-quality literature review, the search has been limited 

to peer-reviewed papers. Additionally, only papers in English have been included. The period in which the 

search has been carried out extends through winter 2021/2022. 

 

Figure 1: Search Process. 

The search, including forward and backward searches, resulted in 497 publications (see Figure 1), of which 

175 were declared relevant after an analysis of title, abstract, and keywords and the application of the quality 

criteria. As quality criteria, we demanded a peer-review process, a sound description of the research process, 

the application of commonly accepted research methods, and a noticeable consistency throughout the paper. 

The extraction of duplicates resulted in a literature sample of 141 publications. These were entirely analyzed 

by the two authors and then included in the final literature sample according to their relevance. The final 

sample consists of 75 publications. 

4. Openness of Digital Twins 

To answer how open digital twins are, we first have to ensure the overall capability of a digital twin to be 

open (see RQ1). We define a concept as being able to be open if it can provide transparency over a process. 

[17] state that the two most important purposes of a digital twin are simulation and monitoring. Deriving 

from there, we may expect the capability to provide transparency. In fact, monitoring any process will bring 

transparency to the monitored process. Additionally, simulation operations offer an overview of a particular 

system and provide transparency. [35] even developed an architectural model for digital twins primarily used 

to create transparency in supply chains based on the International Data Spaces and their connectors. As 

operational digital twins in production and construction already exist (e.g., [36], [37]), which create 

transparency, we attest to the digital twin`s ability to create transparency. 

This leads to the second research question, how open are digital twins in logistics. During the analysis, we 

could identify three classifications of openness: intraorganizational, dual, and multisided. If the digital twin 

is just implemented within one participant of the supply chain, we allocate the digital twin to the label 

intraorganizational. There is no exchange of information between different participants of the supply chain 

via the digital twin. If the digital twin is shared with only one other participant in the supply chain, we label 

the digital twin as dual. The third label is called multisided. This label describes the implementation of the 

digital twin by more than one participant of the logistical network. Data and information are shared within 

this ecosystem. These three classes align with the postulation that there are different degrees of openness 

(see section 2). 

Initial Search: 
497 publications

Quality criteria & 
relevance after 
title, abstract, 

keywords:
175 publications

Elimination of
duplicates: 141 

publications

Relevant:
75 publications
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Figure 2: Shares of Openness. 

An analysis of our concept matrix shows that 71% of the articles describe the implementation of the digital 

twin within just one participant (see Figure 2). The other 29% percent are split between dual (7%) and 

multisided (22%). This result contradicts our expectations that the participating enterprises share the digital 

twin within the entire supply chain. An explanation for this is that enterprises may see risks regarding data 

security, governance, or data abuse [38]. Therefore, they use the digital twin primarily within their own 

enterprise. 

To gain a deeper insight, we specify the analysis and search for relationships between the openness and other 

categories like use case, purpose, and twin type. The use case is based on the established Supply Chain 

Operations Reference Model (SCOR Model). This model is used for standardizing the processes in a supply 

chain. It consists of the five different operational phases: plan, source, make, deliver, and return [39]. 

Additionally, we note that digital twins have three primary logistics purposes: simulation, optimization, and 

monitoring [17]. Furthermore, there are two twin types, digital twin and digital shadow, which are explained 

in section 2.1. Table 1 visualizes the results. 

Table 1: Correlations Openness (max. values highlighted). 

Meta-

Dimension 

Dimension* Intraorganizational Dual Multisided 

Use Case 

Plan 18% 17% 11% 

Source 7% 33% 11% 

Make 61% 25% 22% 

Deliver 12% 25% 49% 

Return 2% 0% 7% 

Purpose 

Simulation 46% 28% 52% 

Optimization 26% 43% 16% 

Monitoring 28% 29% 32% 

Twin Type 
Digital Twin 83% 67% 85% 

Digital Shadow 17% 33% 15% 

*Each object may address multiple dimensions within one meta-dimension. However, only the primary 

dimension is noted. 

Due to space limitations, we have not included the conceptual matrix with all 75 publications in this paper. 

The results show some interesting insights. Starting with the use cases, we notice different distributions 

between the level of openness. Intraorganizational digital twins show the most significant variations between 

71%

7%

22%

Intraorganizational Digital Twin Dual Digital Twin Multi-Sided Digital Twin
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the extreme values. Sixty-one percent of the analyzed digital twins are mainly operated in the make phase. 

Hence, this is the most common relation. As the make phase is often within one enterprise, the usage of 

intraorganizational twin is plausible. In these cases, the digital twin is mainly used to simulate and optimize 

the enterprise’s own material flow and not the entire supply chain. On the contrary, just two percent of the 

digital twins are used within the return phase. These cases often include the former customer and an external 

return company. The manufacturer is mostly not integrated into these processes. Hence, intraorganizational 

twins are demanding, as this is a highly transactional business that includes at least three parties 

(manufacturer, customer, and return company). 

Dual twins are most common in the phase source, in which bilateral relationships between manufacturer and 

supplier are common. Though, make and deliver are essential phases for dual twins as well. Whereas 

multisided digital twins are concentrated on the deliver phase. This is no surprise, as a manufacturer naturally 

delivers its products to many customers who need access to the digital twin. That nearly one-quarter of the 

dual and multisided digital twins are used in the make phase shows the potential of the more open twins. The 

production processes are more and more intertwined with other factories and companies. Hence, a digital 

representation, which follows this exchange level, needs to be in place. 

The main benefit of a digital twin is the possibility of simulation [40]. So, it poses no surprise that many 

digital twins for simulation purposes are intraorganizational twins. However, it is surprising that the dual 

twins` primary purpose is optimization. Often these twins optimize logistics flows between two companies. 

So, these two companies are forced to share data. Nevertheless, often they do not want to integrate further 

participants. Hence, multisided twins are not so common in optimization. 

These multisided digital twins are more often used for visibility, monitoring, and simulation purposes. 

Visibility is justified by the aim of transparency across the entire supply chain. Hence, data from various 

suppliers need to be integrated. Similarly, simulation gets better as the amount of data increases. So, it is 

reasonable that the consolidation of data from different enterprises supports the simulation. As expected, 

most analyzed objects describe true digital twins. The intraorganizational and multisided digital twins are 

mostly true twins, as the commonly related twin type is the digital twin. However, many so-called dual 

digital twins are digital shadows (33%), following the definition of [13]. Hence, the digital shadow is 

common when shared with other enterprises. As mentioned, enterprises see risks in sharing their data with 

other enterprises. Through the manual data return flow provided by a digital shadow, the enterprise can 

influence the quantity of the shared data. Using a digital twin will lose this influence because the digital twin 

shares the data automatically with the other enterprises. In addition, the automatic data return flow could 

directly influence the enterprise’s productivity when the other enterprise performs changes via the digital 

twin. 

5. Conclusion and Outlook 

This paper reviews the levels of openness of digital twins in the domain of logistics. Therefore, we analyzed 

the literature through a structured literature review. Regarding RQ1, we state that digital twins are per se 

able for interorganizational data sharing. They are able to create transparency over a process. Hence, digital 

twins provide the basics and fundamental capabilities to be considered open. For RQ2, the review gives us 

a deeper look at the openness of digital twins in logistics. The results show that combining the topics of 

digital twin and openness opens a new field of research. 

Regarding openness, the focus on intraorganizational digital twins is rather astonishing. This result 

contradicts our expectations that the participating enterprises share the digital twin within an entire supply 

chain. An explanation for this is that enterprises may see risks regarding data security, data governance, or 

data abuse. Through the manual data return flow, which is provided by a digital shadow, the participants 

have the possibility to influence the quantity of the shared data. If they use a digital twin, they may lose this 
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influence because the digital twin should share the data automatically with other participants. In addition, 

the automatic data return flow could directly influence the participant’s productivity when another 

participant performs changes via the digital twin. Therefore, they use the digital twin primarily within their 

own enterprise. At this point, a research gap arises since openness is an important topic in logistics. Hence, 

a certain level of visibility is justified by the aim of transparency across the entire supply chain. Concluding 

the discussion, we identify several research gaps that should be investigated in further research: 

• Focus on the openness of digital twins in practice

• Providing reference architecture and standard procedures for data security in open digital twins

• Description of industrial applications and use cases

• Focus on additional domains besides classical logistics

Our work is subject to certain limitations. Even if we tried to keep any subjective influence to a minimum, 

the classification naturally suffers subjective influences. In particular, other researchers may make the 

distinction between digital twins and the evaluation of openness differently. Therefore, they obtain different 

results. However, this research makes multiple contributions to the corps of scientific research, as well as 

managerial contributions. We structure the literature on digital twins in logistics and visualize certain 

conclusions regarding the openness of digital twins. These conclusions provide white spots that are suitable 

for further research. Hence, new research streams may be implemented upon this paper. The managerial 

contributions are not quite as direct as the scientific ones. Digital twins still lack a broad operation base in 

logistics contexts. Nevertheless, we provide the industrial experts with the prerequisite for a deeper look at 

their projects regarding open digital objects that accompany their logistics. Furthermore, practitioners will 

benefit from future research on this topic. 
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Abstract 

Current developments and trends are causing an increasingly turbulent environment for manufacturing 

companies. In order to respond to these dynamic market conditions, products and thus also production 

systems have to be adapted more frequently and much faster. However, time and cost targets are often missed 

by classic factory planning approaches due to poor communication, inadequate tools, and lack of interfaces. 

Therefore, new ways have to be found in factory planning to overcome these problems. Building Information 

Modeling, which is already used in the construction industry, provides a promising method for the 

collaboration of stakeholders based on digital models.  This would allow communication to be structured, 

new tools to be used, and interfaces to be stabilized to improve the target achievement in factory planning 

projects. However, which information should be provided in which level of detail in which phase of a factory 

planning project and how the quality of this information can be ensured has not yet been answered. A 

possible solution to these questions is addressed in this article. First, the concept of the so-called Level of 

Development, i.e. the geometric and non-geometric definition of the model contents, is transferred to factory 

layout planning. Then, the process of quality assurance is defined on the basis of two use cases 

Keywords 

Factory Planning; Building Information Modeling; Level of Development; Layout Planning 

1. Introduction

The manufacturing industry is one of Germany's most important economic sectors, accounting for 23.5% of 

gross domestic product [1]. However, companies in this sector are facing trends such as globalization, 

dynamization of product life cycles and climate change as well as current challenges such as supply 

bottlenecks. These new circumstances force manufacturing companies to adapt and innovate. The focus is 

on new products, new processes, innovative supply networks and also the adaptation of existing or the 

creation of new factories. The adaptation cycles must be implemented faster and more frequently. Factory 

planning is thus becoming a continuous task for companies. [2–4] 

The central target variables of planning projects are time, costs and quality. While the quality targets are 

generally achieved in factory planning projects, the time targets are missed in about 60% and the cost targets 

in approximately 72%. This is primarily due to four areas of potential improvement in the organization of 

factory planning projects: An improvement of communication and synchronization, a further development 

of instruments and tools used, an increase in planned agility in the course of the project, and an early 
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detection of deviations [5]. The costs of errors on German construction sites amounted to 18.3 billion Euros 

in 2020 [6]. To solve these problems and leverage the potential for improvement, new approaches to factory 

planning must be found. 

It is precisely this potential that the Building Information Modeling (BIM) methodology addresses. BIM is 

a collaborative working methodology based on digital models, called the Building Information Model. The 

Building Information Model is the primary instrument of the methodology, which is generated by tools such 

as authoring software. Those involved in the planning process regularly exchange the models in a systematic 

communication process, which are checked for deviations at an early stage and thus continuously 

synchronized. Agility corridors are planned into the project from the beginning in order to be able to 

eliminate any deviations and, if necessary, to draw several iteration loops. In addition, each project is built 

up modularly via project-specific goals and use cases [7–9]. Current studies show that the use of BIM in 

construction projects leads to a reduction in time in 34% and to a reduction in costs in 60% of the investigated 

cases [10]. 

While there are recommendations for the use of the BIM methodology in public and municipal construction 

as well as in infrastructure construction [8,9,11], the use of the methodology in factory planning is still 

largely unexplored [12,13]. To overcome these shortcomings, this paper presents a modeling guideline 

regarding the geometric and non-geometric level of detail in the factory planning process. Then, two BIM 

use cases to ensure modeling quality are presented and finally described as a process. Thereby, the focus is 

laid on the layout planning process, since in this phase the production system merges with the building to 

form the factory and a large part of the planning interaction between the individual trades takes place. The 

approach presented will be primarily geared towards German companies, as the Honorarordnung für 

Architekten und Ingenieure (HOAI) as well as the VDI-Richtlinie 5200 will be used as basis [14,15]. For this 

purpose, Chapter 2 explains the fundamental procedure for the application of the BIM method. Chapter 3 

shows the different modeling contents of the planning phases, the so-called Level of Development (LoD). 

In Chapter 4 the process of quality assurance is discussed. Finally, the paper ends with a summary and a 

conclusion. 

2. Fundamentals 

2.1 Application of the BIM method 

In order to apply the BIM method in organizations and projects, there are already initial recommendations 

for action [8,9,11]. The procedure is divided into three steps, the formulation of BIM goals, BIM use cases 

and BIM processes. The BIM goals, i.e., which results are expected through the application of the BIM 

method, serve as the starting point. Examples of this are the increase in planning quality, cost and time 

certainty. The BIM use cases are then defined. These concretize the BIM goals as activities. To increase the 

planning quality, for example, the two use cases geometric collision checking between partial and functional 

models and quality checking of the models (cf. Chapter 4) can be formulated. The BIM processes, which 

thus describe the actual working method with BIM, can then be derived from these use cases. This procedure 

is illustrated in Figure 1. [9,16] 

 

Figure 1: Procedure for the application of the BIM method according to [9,16] 

When applying the BIM method in the context of projects, a distinction must also be made between little 

bim and BIG BIM, and between open and closed BIM (cf. Figure 2). Little bim is the use of BIM software 
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products as a so-called isolated solution. For example, one planner uses BIM software, while the other 

participants use conventional software products. The opposite of little bim is BIG BIM. Here, all parties 

involved in the planning process work with digital building models according to the BIM method. The terms 

open and closed BIM refer to the exchange of data between the stakeholders. In a closed BIM approach, 

only the software of a specific manufacturer and its proprietary data exchange format is used. In contrast, in 

an open BIM approach, the software can be freely selected and the manufacturer-independent Industry 

Foundation Classes (IFC) format is used for data exchange and the BIM Collaboration Format (BCF) for 

model-based collision communication. [7] 

 

Figure 2: Breadth and data exchange of the application of BIM according to [7] 

2.2 Development of the factory layout 

Factory layout planning describes the spatial arrangement of operational structural units. The factory is 

understood as a system in which individual elements are related to each other. The relationships form the 

structure of the factory, while the elements represent the individual structural units. Depending on the level 

of factory planning, the structural units can have different characteristics, resulting in two different types of 

layout with increasing levels of detail, as shown in Figure 3. [4,17] 

The first step of factory layout planning is the set-up of rough layouts (ideal and real), in which the functional 

areas (especially production and logistics areas) within the factory building are shown together with the main 

transport routes. Subsequently the fine layout is developed, in which the building services and media supply 

are planned in detail and the operating equipment is precisely positioned. Operating resources are defined as 

technical systems, equipment and facilities that are used to implement manufacturing, assembly and logistics 

processes. From a factory planning perspective, operating resources are production resources such as 

manufacturing machines, assembly resources such as joining tools, and logistics resources such as packaging 

equipment. All machines, tools, materials as well as energy and media connections are represented and thus 

the microstructure of the factory is visible. [4,15,17] 

 

Figure 3: Development of the factory layout during the planning process according to [4,14,15,17] 
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In contrast to Grundig's explanations [17], the third layout type, the workstation layout, is explicitly 

dispensed with and its contents are integrated into the fine layout. The layout types are thus adopted 

according to VDI-Richtlinie 5200 [15] since increasing the modeling detail within a planning phase is 

suboptimal for the quality assurance process. This would result in two different levels of modeling detail for 

this planning phase, and it would not be possible to clearly delineate according to which one quality 

assurance is to be performed. In addition, the rough layout is separated into ideal and real layout in order to 

be able to distinguish the content development of the modeling detail in the steps of ideal and real planning 

in Chapter 3. 

Such a development of the modeling detail over time is described in the BIM method with the Level of 

Development (LoD). The LoD is composed of the geometric modeling level, the Level of Geometry (LoG) 

and the non-geometric attribution level, the Level of Information (LoI). The literature distinguishes between 

five general LoDs with possible intermediate levels, 100 to 500, which show the increasing complexity in 

terms of qualitative granularity (accuracy) and quantitative granularity (richness of detail) of geometric and 

non-geometric information over the course of a project. However, these levels largely refer to elements from 

architecture, technical building equipment and structural design and are not transferred to the development 

of the factory layout yet. An approach for this is presented in the next Chapter 3. [7,18] 

3. Level of Development in the phases of factory layout planning 

If the development of the factory layout representation is described using the LoD, this results in two levels 

for the concept as well as the detailed planning. In terms of the LoD in the building design process, these 

phases run parallel to performance phases 2 and 3 according to the HOAI (cf. Figure 3), resulting in LoD 

100 to 200 for the layout planning phases [14,15,19]. The first two layout types, the ideal and the real rough 

layout, are both to be regarded as a preliminary draft model with LoD 100 and the final fine layout as the 

draft model with LoD 200. This is shown in Table 1. 

The ideal rough layout is represented as a three-dimensional block layout in which the functional areas of 

production and logistics are located. The blocks reflect the approximate space requirements and the main 

route network is also shown. Functional descriptions of the blocks are integrated as non-geometric 

information and special building design requirements are defined. 

The real rough layout is still modeled as a three-dimensional block layout on the area or segment level [15], 

but the LoG can already be extended to include machine drawings or envelope models. However, care must 

be taken not to use detailed Computer Aided Design (CAD) design models of machinery and facilities, as 

these can significantly affect the performance of the overall model. As non-geometric information, static and 

dynamic loads, required media, caused emissions and lighting requirements should also already be assigned 

to the individual blocks. If necessary, the blocks can be further subdivided, leaving the area level. 

In the final fine layout, the individual resources and workstations are shown in detail. The LoG is clearly 

deepened with the exact arrangement of the operating equipment, the representation of media connection 

points as well as maintenance and servicing, logistics and work spaces. In addition, the non-geometric 

information previously available at area level is assigned to the individual operating equipment and localized 

there. 

Without the clear definition of the LoD for all specialist planners at the start of the project, there is no 

comparability of the models. The LoD should therefore be an integral part of the Employers Information 

Requirements (EIR), respectively, the BIM Execution Plan (BEP) in each factory planning project in order 

to be able to fulfill the BIM goals and use cases based on the Building Information Model. Thus, the LoD is 

an essential basis for the quality assurance process described in the following chapter.  
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Table 1: Level of Development in the phases of factory layout planning according to Hausknecht et al. [20] 

  LoD 100 LoD 100 LoD 200 

  Ideal rough layout Real rough layout Fine layout 

Illustration 

 

 

 

Description 

First ideal arrangement of 

production and logistics 

areas as preliminary draft 

model 

Investigation of layout 

variants and 

determination of the 

preferred variant as 

preliminary draft model 

Detailed layout up to the 

representation of the 

individual operating 

resources and 

workstations as draft 

model 

LOG 

Three-dimensional block 

layout with the main route 

network of the factory 

with approximate space 

requirements 

Three-dimensional block 

layout with the main route 

network of the factory 

with machine drawings or 

envelope models 

Detailed arrangement of 

equipment, representation 

of media connection 

points as well as, 

maintenance and service, 

logistics and work spaces 

with specific dimensions, 

location and orientation 

LOI 

Functional description of 

the blocks including 

special requirements 

First general 

alphanumeric information 

such as static and 

dynamic loads, required 

media and causing 

emissions as well as 

lighting requirements 

Detailing of all 

alphanumeric 

information, such as the 

assignment of media 

connection values to the 

media connection points 

4. Assurance of the planning quality 

When it comes to assurance of planning quality, the focus is primarily on the BIM goal of increasing planning 

quality. However, if this BIM goal is achieved, this leads directly to an increase in cost and time certainty 

because defects such as those at Berlin's BER Airport are avoided at an early stage [21]. Accordingly, by 

achieving the BIM goal of increased planning quality, a significant contribution can be made to increasing 

the degree to which time and cost targets are achieved in factory planning projects. 

From this, the two BIM use cases geometric collision checking between partial and functional models and 

quality checking of the models are derived. In the following, these use cases are assigned to the phases of 

layout planning and described with the corresponding process. 

4.1 BIM use case geometric collision checking 

The use case of geometric collision checking between partial and functional models describes the merging 

of the individual models, their mutual checking for geometric collisions and the subsequent communication 

of the collisions. For the execution of the use case, it is necessary that models of different disciplines are or 

at least that several partial models are available in order to be able to check them against each other. Thus, 

in a little bim approach, this BIM use case is only possible as a check between partial models. [9,11] 
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In layout planning, geometric collision checking is usually only useful from the real planning phase onwards, 

since any collisions in ideal planning are possible but still negligible. This is due to the relatively low LoD 

of the production system model in the form of a block layout and to the subsequent generation of planning 

variants, which in turn can differ significantly from the ideal layout. The models should therefore be roughly 

coordinated with each other, but a software-based collision check does not usually have a positive cost-

benefit ratio. [19] 

Software-based collision checks are more reasonable in the context of real planning, e.g. whether a 

production area collides with larger building structures like walls. Detailed collision checks are only useful 

from the detailed planning phase onwards, as the corresponding LoD is only reached there. For example, it 

can be checked whether a maintenance and servicing area of a production facility collides with a column. 

4.2 BIM use case quality checking 

Based on the BIM use case geometric collision check between partial and functional models, the following 

section focuses on the quality checking of the models in the form of an analysis of the spatial requirements 

of possible layout variants in terms of their properties in relation to their technical feasibility. For this 

purpose, it is necessary to design different rule checks to examine restrictions on technical feasibility 

regarding legal, normative, product-specific or component-specific interfaces and dependencies. [22] 

The evaluation criteria for quality assurance are to be analyzed separately in relation to the respective 

definition of targets, and based on this, corresponding regulatory checks need to be developed. In this 

context, the examination of legal issues can be identified as an important field of action for the development 

of quality checks. Accordingly, legal requirements can be identified as first field of action, such as the 

adherence to the Industrial Building Guideline, e.g. ensuring a maximum escape route length (cf. Figure 4) 

or the Workplace Guideline, e.g. guaranteeing an appropriate level of illumination in an area of the layout 

analogous to the work activities to be performed therein. [22] 

 

Figure 4: Example rule check escape route analysis [22] 

In addition, the second field of action, possible product-specific influencing criteria for the case as well as 

product information, such as material properties, must be analyzed and, if necessary, transferred to the 

analysis of technical feasibility by means of standard tests. Accordingly, the second field of action describes 

product-specific influencing parameters, such as manufacturer information on the minimum concrete quality 

of the fastening substructure for the application of a building product. [22] 

Potential component-specific interfaces and, if relevant, existing dependencies between individual 

components represent a third field of action with potential for the development of rule-based checks. 

Accordingly, in the third field of action, interfaces and dependencies between individual building 
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components are presented and examined in terms of possible geometric but also qualitative collisions 

between one another. [22] 

For the implementation of the BIM use case, it is necessary, analogous to Chapter 4.1, that models of 

different disciplines or at least that several partial models are available in order to be able to check them in 

relation to each other. Thus, in a little bim application, this BIM use case is only possible as a check between 

partial models and is only possible in layout planning from the real planning phase onwards, since the first 

non-geometric data is available in the models, which is indispensable for a quality check. 

Within the framework of real planning, only conceptual quality checks are useful, e.g. whether the energy 

requirements of a production area can be covered by the planned energy supply. Detailed checks are only 

recommended from the detailed planning phase onwards, since again, analogous to Chapter 4.1, the 

correspondingly required LoD is achieved there. For example, it can be checked whether the load-bearing 

capacity of the floor is sufficient for a particular piece of equipment or not. 

4.3 Quality assurance process 

These use cases result in the following BIM process. A BIM coordinator and at least two BIM authors must 

be available as BIM roles. The BIM coordinator takes over the merging of the functional or partial models, 

the collision and quality checking as well as the communication of collisions and quality reports and is thus 

responsible for ensuring quality. The BIM authors create the BIM models and are thus responsible for 

modeling according to the required LoD. However, before the models are handed over by the authors to the 

coordinator, it is advisable to first subject their own model to quality assurance. For this purpose, the 

adherence to the specified designations, the adherence to the agreed model structure, the correct placement 

within the coordination body, the use of the uniform axis grid, the adherence to the coordinate system as 

well as the project zero point, the use of the correct model units, a space-filling modeling of the spaces as 

well as the internal collision freedom should be checked. The two use cases of geometric collision checking 

and quality assurance should thus be implemented within a functional discipline, as in a little bim approach, 

before they are applied across disciplines. 

BIM authoring software and collision checking software are used as tools for this purpose. A Common Data 

Environment (CDE) can also be used as a central exchange platform. The data transfer points, i.e. data drops, 

are to be selected project-specifically and depending on the project progress. In real planning, the models 

are checked rather sporadically for collisions. In fine planning, on the other hand, the models are merged at 

regular intervals, e.g. at intervals of one to six weeks. The IFC and BCF formats are used for data exchange 

in an open BIM approach. The resulting BIM process is shown in Figure 5. 
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Figure 5: Quality assurance process according to [19] 

5. Summary and conclusion 

In this paper, a modeling guideline regarding the geometric and non-geometric level of detail in the factory 

layout planning process, i.e. the Level of Development, is presented. Focusing on the BIM goal of improving 

planning quality, two BIM use cases, the geometric collision checking of functional and partial models and 

the quality checking of models are described and merged to a quality assurance process. Thereby, the focus 

is laid on the layout planning process, since in this phase the production system merges with the building to 

form the factory and a large part of the planning interaction between the individual trades takes place. 

Based on the average of 5,820 completed factory and workshop buildings from 2011 to 2020 in Germany 

with a total cost volume of 4.7 billion euros and a share of 60% of factory planning projects in which cost 

targets are missed by about 10%, this results in error costs of about 283 million euros per year [5,23]. The 

presented potentials of the BIM methodology offer the possibility to avoid these error costs. But how and 

whether this can also be realized by the approach presented must be evaluated and assessed in the next step 

on the basis of initial use cases. There are two use cases from the metal processing industry, one Greenfield 

and one Brownfield project. The Greenfield project is about 25,000 square meters of production and the 

Brownfield project is about 2,000 square meters. The evaluated and validated results will subsequently be 

published. 

Furthermore, to generate a baseline for BIM-based factory layout planning, more BIM goals and their related 

use cases will be investigated. Afterwards, this procedure can be extended on the whole factory planning 

process, as well as the whole factory life cycle. Parts of this follow-up work will be addressed within the 

framework of VDI Guideline 2552 part 11.8.1 BIM use case factory layout planning, the VDI expert 

recommendation BIM-based factory planning and the buildingSMART expert group open BIM in factory 

planning. 
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Abstract 

The transport spot rate in trucking logistics is an important factor for market participants in the recycling 

industry. Knowledge about the current spot rate is essential for operational decision-making in price 

negotiations between brokers and shippers. Due to the characteristics and dynamics of the industry, this task 

is particularly challenging. So far, businesses mainly rely on traditional calculation methods combined with 

their own expertise in price negotiations. The growing amount of existing business and market data may 

enable companies to take advantage of data-driven decision processes. However, the resulting volume of 

data and required effort for analysis do not match the fast pace of daily business.  

To improve current forecasting practices, this paper conducts a comparative study of machine learning (ML) 

approaches for shipment-specific spot rate prediction. For this, the paper builds on the experience and 

database of a small broker in the recycling industry in Northern Germany and complements it with external 

market information. The study shows the ability of ML to internalize underlying patterns between spot rates 

and market data. During the use case the CRISP-DM framework is followed to select the most appropriate 

features and train multiple ML algorithms. Several metrics are applied to determine the most accurate model 

for spot rate prediction. Results indicate that especially the ML-algorithm Random Forest shows 

considerable potential to provide brokers in the recycling industry with more reliable spot rate assumptions. 

Therefore, future implementation of ML approaches in the industry may open up new and beneficial business 

opportunities. The study paths the way for further research on the predictive potential of ML for prices in 

transportation with extended and diversified data sets. 

Keywords 

Machine Learning; Price Prediction; Transport spot rate; Reverse Logistics; Recycling 

1. Introduction

The latest supply shortages in Germany and Europe disclosed the urgency to exploit the possibilities of the 

circular economy for resource recovery to reduce dependency on primary resources [1]. The closing of 

material cycles by returning waste and product residues to reuse or recycle them is, together with narrowing 

and slowing the use of materials, at the core of this strategy [2]. Hence, recycling is an essential industry for 

closed loop supply chains. Along with the collection and storage, the transport of waste products is among 

the basic processes of logistics in recycling [3]. Since the management of logistics is rarely the core business 

of the waste owners, specialized companies handle the process. In recycling, a broker arranges the disposal 

of waste on behalf of others with or without taking possession of it [4]. To their customers they act as a 

disposer, whereas to carriers and disposal facilities they act as the waste producer. Thereby, they connect 
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customers and disposal facilities providing efficient and economic transport of waste by contracting an 

appropriate carrier at the best costs [5]. For shipment, road transport via trucks is often the preferred solution 

due to their speed, flexibility and versatility [3,6]. Hence, brokers in recycling industry need to seek capacity 

on the trucking market. 

In road transportation, freight rates are distinguished in contract rates and spot rates. Spot rates are a lot more 

volatile and at times exceed long-term contract rates by more than 60% [7]. Smarter algorithms and sharing 

economy have led to the rise of digital freight exchange platforms, giving the spot market even more 

importance [8]. In, addition, the recycling industry is characterized through extensive legal requirements 

shaping the competition [9]. Further certification and know-how are required to successfully participate in 

the market, which reflects on less elasticity of the available capacity. Moreover, less-than-truckload 

shipments are unusual and, depending on the type of waste product, additional permissions and cleaning 

processes of trucks are mandatory. These aspects enhance the existing uncertainty in price negotiations, as 

the rates for recycling and transportation of waste products underly high volatility [9]. Therefore, especially 

for brokers, who qualify through exquisite market knowledge and network, support in price prediction in 

such a dynamic environment is vital [10].  

For spot rate predictions, experience and constant knowledge of market conditions are required. This is 

becoming a challenge for logisticians due to the ever-increasing amount of data in logistics and the special 

conditions of the recycling industry. Machine learning (ML) algorithms can be trained with large amounts 

of data and use this as input to determine a desired response value [11]. It has also been successfully applied 

to price prediction problems in various industries. The enhanced volatility of spot market prices in the 

recycling industry and specific infrastructural as well as geographical conditions in Germany amplify the 

demands on the forecasting model’s capabilities. Thus, the study explores the ability of ML models to deal 

with these settings. The objective of this study is to provide a new prediction approach for market participants 

that comes with realistic rate suggestions on the spot. The subsequent section reviews the current state of 

research. Next, ML is applied in a use case based on business data. After identifying relevant features, several 

ML algorithms are applied to predict future spot rates. The last section summarizes the insights and 

conclusions for future research.  

2. Theoretical background 

ML has been applied to price prediction tasks in many research fields (e.g. housing [12], gas [13] and stock 

prices [14]). In the transport industry, the majority of studies focuses on sea transport (e.g. tanker [15], dry 

bulk [16] or container freight rates [17]). Studies on price prediction in road transport cover primarily 

estimation models for spot and contract rates using statistical approaches [18,19]. Some studies also use 

prediction approaches with ML. Xiao et al. [20] apply GARCH, NN-GARCH and ARIMA models to predict 

the volatility on the freight rate on the spot market. In another study, Xiao et al. [21] compare a lagged 

coefficient weighted matrix-based multiple linear regression model with ARIMA and light gradient boosting 

to predict short term spot rates in southwestern China. 

Many studies predict the general price level over time. The forecasts are sometimes further specified to lanes 

or freight types imparting more specific information. With respect to brokers, simply observing price trends 

through an estimated index is often insufficient in daily operations. Market players value each transaction 

based on their individual network and know-how [22]. As every transaction is negotiated individually, spot 

rates for transport need to be considered shipment-specific. From the broker’s perspective, the acceptance 

of neither the offer to the customer nor the bid to a possible carrier is certain at the time the quote is made to 

the customer [23]. Therefore, brokers face the challenge of pricing every single transaction with its 

characteristics in a profitable way to prevent economic risks. 
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Few researchers have addressed the problem of shipment-specific spot rate prediction. Kay and Warsing 

[22] develop a non-linear regression model to estimate freight rates for less-than-truckload loads in the US. 

The model considers various shipment characteristics and public data to provide decision support through 

shipment price prediction. However, no evaluation of precision of the predicted freight rates is conducted. 

In a study by Lindsey et al. [24] a data set of a non-asset based broker in the US was used to predict arising 

carrier costs for the broker. Determinants for carrier costs on spot markets were identified on lane- and 

shipment-level. In a tactical planning scenario, a regression model was applied to predict carrier costs on 

unprofitable lanes. The results showed a mean absolute percentage error (MAPE) of 27% on the respective 

lanes. In another study, Lindsey et al. [10] built a decision making framework for freight brokers on the spot 

market. The statistical modeling framework consists of decision and profit maximization models. When 

applied to real-world data, the framework provides a profitable price suggestion for a transaction with 

potential carriers. Budak et al. [23] applied an artificial neural network and quantile regression to make 

predictions for spot rates in Turkey in both a route-based and a general model. Route-based predictions 

emerged more precise than predicting single transactions in the general model. The artificial neural network 

provides more precise predictions for spot rates in the route-based model (MAPE 0.8 %), while quantile 

regression performed better in the general model (MAPE 6.7 %).  

Few studies focus on analytical predictions on shipment-level and only one applies ML for this task. 

Therefore, this study aims to build on the shipment-specific studies by Lindsey et al. [24] and Budak et al. 

[23], by applying a set of ML algorithms for spot rate determination. In addition, the focus of this study on 

brokers in the recycling industry in Germany leads to special circumstances differing from the general 

approaches in the literature so far. No other studies covering this part of the circular economy were identified. 

Therefore, the present study demonstrates the applicability of ML for spot rate determination in the recycling 

industry by historical and current market data. It determines the best suited algorithms for the prediction task 

based on a set of evaluation metrics.  

3. Methodology 

This study follows the widely used Cross Industry Standard Process for Data Mining (CRISP-DM) 

developed by Chapman et al. [25]. The process contains six phases: “business understanding”, “data 

understanding”, “data preparation”, “modeling”, “evaluation” and “deployment”. In the business 

understanding phase, the underlying business objectives, current situation and goals for the project are 

assessed. During the data preparation phase the final data set used for modeling is built from the initial data. 

For this, tables and features are selected and additional external data is added. The data is then transformed 

to be processed during modeling. In the subsequent phase, modeling techniques are determined and applied 

for the task at hand. This step includes the iterative optimization of the data and model parameters. To 

determine the quality of the model and to ensure that it meets the expectations of the business, a 

comprehensive assessment of performance is conducted during the evaluation phase. In the last phase, the 

final model is deployed. This includes the integration of a closed application supporting or taking over the 

underlying process in the existing IT-system. The deployment phase is out of scope of this study. Data 

analysis and modeling is conducted in Jupyter Notebooks operating Python 3.1.0 and using libraries such as 

Numpy [26], Scikit-learn [27] as well as Pandas [28]. In the subsequent section this methodology will be 

applied to the use case.  

4. Application on the use case 

4.1 Business and data understanding 
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The data for this study is provided by a broker in the recycling industry in Northern Germany. The firm 

sources transport and recycling capacity for its clients and their waste products. As this study focusses on 

the road transportation of materials, the price for disposal is out of scope. Since the company is extensively 

using online freight exchange platforms for sourcing transport capacity, it is exposed to the dynamic rates 

on the spot market. The business intends to use its data to predict spot rates for future orders. The forecast 

shall support the order disposition process, where an employee needs to determine the value of an order 

within a horizon of 1 to 4 weeks based on past data.  

The data set for this study consists of several tables containing order, customer, carrier, disposal facilities 

and product type information. These are merged to a main table consisting 14,244 transactions and 14 

variables or features. The target variable in the data set is “freight rate”. It is either stored as the total price 

or as price per ton. However, the spot rates in the transport industry are mainly negotiated as freight rates 

per km, which are not stored in the initial data set. The transformation of the target variable as well as data 

inconsistency issues and integration of features are addressed during data preparation.  

4.2 Data preparation 

The distance and duration for each transaction are obtained through an automated Google Maps API by 

passing the respective ZIP-codes and locations from the data set. Missing and incorrect data for the target 

variable are imputed or dropped, resulting in the final, normalized target variable “freight rate per km” 

(FR/km). The data set then contains categorical and numerical features reflecting temporal, geographical, 

cargo-specific information. Through an exploratory analysis the impact of features on FR/km is examined. 

Further data preprocessing steps such as cleaning, grouping, extracting or excluding features and transactions 

are performed [29]. For example, the lowest and highest 5% of FR/km are removed from the data set, as 

these rates do not represent the core business activities of the broker. 

The numerical features, distance and duration both show a strong inverse correlation (ρ = -0.95), with the 

target variable. Transactions over short distances are significantly more expensive than long distance trips. 

Moreover, the time per km (‘time/km’) can be inferred as an additional feature. Slower trips, for example 

with longer sections on country roads or through congestion prone areas, show an increase in ‘FR/km’. The 

weight of cargo revealed no interpretable relation to FR/km and was excluded. For categorical features, 

geographical features are used to group customers and disposal facilities into regions (North, South, East, 

West or old/new federal state). For trips between the respective regions, differences in FR/km are observed. 

Product waste types are further summarized into waste classes. As another feature, the carrier of an order is 

unknown at the point of prediction, unless the order is executed by a broker’s truck. Hence, this high 

cardinality feature is split into two groups (broker, other). Other categorical features are derived from time-

related features such as order and transaction date. Information such as day of week, month, quarter or 

seasons is extracted from them. FR/km shows variation over the course of the year due to differences in 

capacity availability. Concerning the weekdays, weekend transports are rare and expensive. On Thursdays, 

market players plan the trips for next week reducing the available capacity and pushing the freight rates. 

Integrating ‘holiday’ as an extra feature reveals an increase of FR/km in the days directly before the holiday, 

especially for short trips. 

Some additional, publicly available external features with influence on FR/km are found. The diesel price 

per liter is available as a time-series data set on the web [30]. Moreover, the truck toll mileage index logs the 

truck volume on German highways [31]. From this, the available capacity can be inferred. When compared 

over time, both features accompany the current price level of FR/km and are consequently included in the 

model. The data preparation procedures result in a final dataset of 11,472 transactions and 23 features. 
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4.3 Modeling 

The prediction task is a regression problem with a continuous target variable. After fitting the model to a 

training set, it will be tested against unseen data from the hold-out test set [29]. In the order disposition 

process a lot of past data is used to predict spot rates in a relatively short future horizon (1-4 weeks). 

However, for modeling, a test set with sufficient data and variety is required. Therefore, the training set is 

built with 90% or 10,324 transactions from the final data set (from 01.01.2015 to 22.04.2021). The test set 

consists of 10% or 1,148 transactions from 22.04.2021 to 24.08.2021. This procedure approximates the real 

application and is referred to as the 90/10 split. Results for the 90/10 split are not generalizable, however, as 

they could have occurred simply due to the selected composition of the training and test data sets [29]. For 

more reliable results, cross-validation is applied. In cross-validation the data set is divided into k-folds of 

alternating training and test subsets for each fold. The model is then evaluated by averaging the error of each 

fold to the overall prediction error [32]. Although the data set is not a time series in particular, the prediction 

task is time dependent since the goal is to predict exclusively future spot rates from the past. Consequently, 

conventional cross-validation cannot be used, since it would leak future information that will not be available 

in a real-world setting. Instead, time-based cross validation using 10 time-dependent folds is applied. By 

integrating a GridSearch algorithm the ideal parameters for each model are determined. 

Before running the model, further preprocessing of numerical and categorical features is required. Numerical 

features are scaled using the StandardScaler algorithm. Categorical features are encoded using One-Hot 

Encoding. To reduce loss of performance caused by high dimensionality after encoding, a feature selection 

process is applied on the data set. Only the most relevant of the encoded features are passed on to the model 

as boolean features. Several feature selection methods have been compared to determine the number of 

features leading to the best performance. Out of all compared methods, SelectKBest for regression problems 

yielded the best results. It was found that performance peaks, when the 11 best features are used for 

modeling. The final features for the model are listed in Table 1.  

Table 1: Final set of selected features for modeling 

 Variable  Type Importance Meaning 

1 curr_diesel_price  numeric 0.31 Current price for Diesel fuel at the time of order 

2 distance  numeric 2.10 Distance covered during trip 

 distance_cat: categorical   

3 ▪ dist_medium  boolean 0.32 Category, TRUE for trips 60 km to 150 km 

4 ▪ dist_long boolean 0.35 Category, TRUE for trips > 150 km 

5 truck_toll_index_adj numeric 0.20 Current Truck Toll Index seasonally adjusted at the time of order 

6 frforw_kat_1 boolean 0.18 Category, TRUE for transactions with freight forwarder 1  

 direction_transport_old_new_state: categorical   

7 ▪ “new_new“ boolean 0.25 Category, TRUE for trips within new federal states 

8 ▪ “new_old“ boolean 0.22 Category, TRUE for trips between new and old federal states 

 direction_transport_region: categorical   

9 ▪ „north_north“ boolean 0.19 Category, TRUE for trips within regions in Northern Germany 

10 ▪ „east_east boolean 0.16 Category, TRUE for trips within regions in East of Germany 

11 time_km_breaks numeric 2.00 Time per km including mandatory breaks [sec] 

 

After feature selection, the authors tested the predictive performance of several ML algorithms on the set of 

features. As a benchmark, a simple model (BM) is used. The BM reflects estimation principles applied in 

business so far. During training, the BM calculates individual average spot rates for short (<60km), regional 

(60-150km) and long (>150km) transports. Surcharges are added for trips directly before public holidays 

and orders closed on Thursdays, as the data shows significant increases in spot rates in both cases. Regarding 

the ML algorithm selection, the availability via open source libraries for easy adaptability on this and similar 
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future cases was essential. The study includes simple, more interpretable ML models as well as less intuitive, 

but possibly more performant, ensemble learning methods that are built from a set of simple base models. 

Since neural networks are also popular for ML based prediction tasks, a corresponding algorithm was 

included as well. The simple models Decision Tree (DT) and Lasso Regression (LR) are selected. The 

ensemble methods consist of the Random Forest algorithm (RF), Gradient Boosting (GB) and eXtreme 

Gradient Boosting (XGB) [33–35]. Multilayer Perceptron (MLP) is added as a neural-network based 

algorithm accessible in Scikit-learn. 

4.4 Evaluation phase 

Evaluation is done using several metrics measuring the prediction error for the target variable of the models 

for a given order. Performance metrics for regression models have been controversially discussed and 

employed in literature without finding a common agreement. Still, no consensus on the “best” metric has 

been achieved [36,37]. To obtain a more reliable evaluation, a combination of metrics should be applied 

[38]. Therefore, the mean absolute error (MAE), mean absolute percentage error (MAPE), root mean squared 

error (RMSE) and the coefficient of determination (R²), are applied as performance metrics in this study. 

The MAE metric is easily interpretable for practitioners, since it provides a general and bounded 

performance measure for the model. The MAPE measures relative deviations and is applicable since the 

target variable contains positive values only. However, MAPE scores are biased towards favoring lower 

predictions [36]. Even though unrealistic outliers have been removed in the data preparation phase, FR/km 

shows distinct variance for short distance trips. To assess the ability of models to deal with this variance, 

RMSE is used as an additional metric. It is more sensitive to variance by giving higher weight to larger errors 

[38]. R² provides a high score, if the greater part of elements is predicted correctly, showing the model’s 

ability to explain the target variable [39]. Additionally, the computation time for training and prediction is 

considered as a metric.  

5. Results  

The results of the modeling phase are evaluated in Table 2. The results of the 90/10 data split are compared 

to the performance in cross-validation to measure the generalizability of the ML models. The BM was also 

applied to predict spot rates in the different validation sets of each fold. In general, it can be stated that all 

ML algorithms outperform the BM in both 90/10 split and cross-validation. In most cases, cross-validation 

results show a larger MAE, MAPE and RMSE, while R² is decreasing. 

Table 2: Results of modeling in a 90/10 split and with cross-validation (best three values in bold) 

 

In the 

90/10 split, RF shows the best performance of all ML algorithms regarding the MAE, with GB and DT being 

almost equally predictive. However, comparing the RMSE, performance of DT is substantially lower than 

RF and GB. Moreover, the superiority of RF over GB becomes clearer, when the RMSE is considered. This 

indicates more stable predictions by RF with less larger errors. LR reveals its limited applicability to non-

 90/10 Split Cross-validation 

 MAE 

[€] 

RMSE 

[€] 

MAPE 

[%] 

R² - 

Test 

Time 

[sec] 

MAE 

[€] 

RMSE 

[€] 

MAPE 

[%] 

R² - 

Test 

Time 

[sec] 

DT 0.109 0.208 5.97 0.908 2.92 0.142 0.245 8.105 0.745 8.056 

LR 0.198 0.301 10.12 0.808 0.16 0.176 0.280 9.912 0.680 7.047 

RF 0.105 0.185 5.62 0.927 9.02 0.124 0.208 7.275 0.807 10.647 

GB 0.106 0.194 5.61 0.920 5.21 0.129 0.211 7.533 0.801 7.895 

XGB 0.115 0.198 6.07 0.917 0.57 0.130 0.222 7.570 0.787 7.234 

MLP 0.129 0.196 7.16 0.918 7.19 0.179 0.270 10.763 0.663 10.138 

BM 0.216 0.324 11.17 0.778 0.05 0.206 0.326 11.85 0.642 3.03 
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linear data structures scoring the highest MAE and RMSE and a R² which is only slightly better than the BM 

model. MLP does not achieve the best scores for the MAE, but presents the third best RMSE. Regarding the 

computation time, ML algorithms are slower than BM due to the fitting process. XGB and LR achieve the 

lowest computation time of all ML models.  

In cross-validation, the scores for all models worsen. Especially, the DT and MLP algorithms show 

substantial decrease in performance relatively to their score in the 90/10 split, indicating overfitting 

tendencies by both algorithms. Again, RF outperforms the other algorithms in most metrics. However, RF 

presents the worst computing time during cross-validation. XGB and GB show MAE and RMSE results 

within the range of RF and competitive computation times, making them suitable solutions, when 

computation time is of importance. Remarkably, LR is the only algorithms that performed better during 

cross-validation than in the 90/10 split. Yet, it is not competitive in terms of the MAE and RMSE.  

Figure 1 shows the distribution of prediction error of the best performing algorithm (RF) as a function of 

distance. RF predicts especially the dominating long distance trips with high precision. With shorter 

distances the amount of orders as well as the precision declines. To quantify the potential of using RF, an 

average transaction in the data set with a distance of 295 km and a mean FR/km of 1.61 €/km is considered. 

This accounts for average costs of around 475€. Considering the cross-validated MAE of 0.124 €/km, the 

average deviation is +/- 36.68 € per transport. Using the BM approach, an average deviation of +/- 61.95 € 

was found. In daily operations, unexpected waiting times are another source for price deviations. For 

example, a minor delay of 30 min already may cause unplanned, additional charges of around 0.10€/km. 

Hence, a one-hour delay on an average transaction due to congestion in traffic or at the point of disposal 

leads to deviations of around + 59.00 €. Therefore, the application of ML, may reduce deviations caused by 

delays for future transactions. 

 

Figure 1: Distribution of prediction error of RF in the 90/10 split 

6. Conclusion 

The goal of this study was to demonstrate the applicability of ML algorithms for predicting spot rates for 

transports in the recycling industry. Data from a small broker in Northern Germany was used to train six ML 

algorithms. The predictive performance was benchmarked against a practical approach. In comparison, ML 

models outperformed the manually calculated benchmark method, proving the applicability of ML for spot 

rate prediction. From the set of ML algorithms, the Random Forest regressor minimized the prediction error 

the most.  

560



 

 

The performance of ML on the prediction task in this study confirms promising application opportunities in 

real-world settings. In fact, performance is likely to improve during operation as more data is gradually fed 

into the model [32]. Moreover, the prediction horizon will be shorter (1-4 weeks) in comparison to the 

scenario in the study. More recent data is likely to prove beneficial for the predictive performance of all 

models. Future research can be dedicated various areas. For example, during modeling, effects of weighting 

more recent data or excluding older data on model performance can be investigated. Also, more advanced 

algorithms may yield improved results. Furthermore, the scope of application can be expanded. The effects 

of a geographical extension on the approach could be explored. Cooperation with other market participants 

offers opportunities to enlarge the database and improve the basis for modeling. The study not only built a 

foundation for ML application for spot rate prediction in the recycling industry. Rather, this study sets a 

starting point for further exploration of ML’s predictive potential for price prediction in the transportation 

industry in research and practice.  
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Abstract 

Manufacturing companies are facing increasing customer requirements regarding delivery times and 

delivery reliability. In this context, customers have different desired delivery times. The fulfillment of 

heterogeneous customer delivery times represents a major challenge in the competition for customers. If 

companies succeed in reliably meeting their customers' desired delivery times, this results in an enormous 

competitive advantage. Instruments for achieving specific delivery times include especially the use of fast-

track orders and shifting the customer order decoupling point. When these instruments are used, numerous 

interdependencies must be considered. Shifting the customer order decoupling point downstream toward a 

Make-to-Stock production results in higher stock levels. The use of fast-track orders induces longer 

throughput times for other orders and higher control effort. In this paper, taking these trade-offs into account, 

an approach is developed that allows delivery time requirements to be met through a systematic 

determination of the customer order decoupling point and a share of fast-track orders. For this purpose, 

interdependencies between both instruments and logistic objectives are identified and investigated using 

logistical models to meet the delivery time requirements at lower logistical costs. 

Keywords 

Delivery time requirements; Fast-track orders; Rush orders; Customer order decoupling point; Order 

processing strategy 

1. Introduction

In the context of globalisation, companies are facing increasing competition. Products must be manufactured 

at low cost and high quality. The importance of delivery time and delivery reliability as decisive purchasing 

criteria continuously increased over time [1,2]. Nowadays, they are considered critical competitive factors 

[3]. Customers are willing to pay high price premiums to obtain delivery times below standard [4]. 

As customer requirements vary widely, companies must face heterogeneous desired delivery times. These 

can only be mapped entirely by a standard delivery time if the standard delivery time is less than or equal to 

the minimum requested delivery time. If delivery times below the standard delivery time are requested, these 

can only be realised by accelerating the orders in the order throughput [5]. Therefore, production planning 

and control must be designed to handle accelerated orders to avoid undesired effects such as an excessive 

extension of the throughput times of normal orders. Another central instrument to influence delivery times 

is positioning the customer order decoupling point (CODP) [4]. However, this can lead to high stocks of 

finished or semi-finished goods. 

564



Thus, a holistic view must be taken when designing the production system to map heterogeneous desired 

delivery times on the production side. As an initial step, section 2 identifies instruments for achieving 

specific delivery times and describes their suitability. Section 3 provides a literature review on approaches 

for positioning the CODP and the use of accelerated production orders. In section 4, these essential 

instruments are examined concerning their interdependencies with logistic objectives. For this purpose, the 

applicability of existing logistical models is described and possible modeling gaps are identified. Section 5 

describes the interactions and trade-offs that need to be considered when using the instruments and setting 

their parameters. Section 6 summarizes the paper and outlines future research possibilities. 

2. Instruments for achieving specific delivery times 

There are many instruments to influence the delivery time. They differ in their effects on logistic objectives 

and their activation time. Mostly they have to be applied long before their effects can be recognized. With 

most instruments, a short-term reaction to a high number of orders with short delivery times entering the 

system is impossible. Others can still be used in the short term, although the interactions with the logistic 

objectives must also be considered. Figure 1 shows the main time components of the delivery time and, 

depending on the order processing strategy, which time components are effective on the delivery time to the 

customer. 

 

Figure 1: Time components of order processing processes (extension of [6]) 

According to the order processing strategy, the CODP is positioned differently and time components are 

either customer order-specific or customer order-anonymous. Thus, the position of the CODP can already 

be identified as the first elementary instrument on delivery time. There are many different strategies for order 

processing, but they can be summarised into five main strategies, which are explained below. 

In Make-to-Stock (MTS), products are manufactured anonymously in stock, and customer orders are served 

from these stocks. Assemble-to-Order (ATO) is used when pre-fabricated components or assemblies are 

assembled to order. Make-to-Order (MTO) describes that production and assembly do not begin until the 

customer order is received. It is assumed that the raw materials are in stock in all these cases. [7] In Purchase-

to-Order, raw materials are also procured on a customer order-specific basis [8]. Lastly, there is Engineer-

to-Order, where development and design are customer order-specific [9]. 

The administration time is required primarily for creating orders [10] and is independent of the location of 

the CODP. It does not have a significant share in the order throughput but can be reduced, for example, 

through lean administration approaches [11]. For instance, by using concurrent engineering, development 
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and construction time can be reduced [12]. Procurement time can be influenced through targeted supplier 

selection or long-term coordination with the supplier. For example, suppliers closer to the production site 

can be selected or framework contracts can be used to hold safety stocks at the supplier's premises for a short 

and reliable replenishment time. Additionally, the introduction of consignment stocks from suppliers close 

to production can reduce the procurement time. [10] In the short term, the procurement time can be shortened 

through express deliveries or different transport means like air freight [4].  

The dispatch time can be influenced in both the short and long term. In the short term, dispatch time can be 

reduced analogous to the procurement time with express shipping through prioritised treatment in delivery 

or different transport means like air freight [4]. In the case of MTS production, the dispatch time can be 

reduced in the long term by setting up a distribution structure. For example, in addition to using the factory 

warehouse solely, stocks can also be stored close to the customer in central or regional warehouses to 

guarantee shorter delivery times [13]. However, this requires an accurate forecast of the customer demand. 

Within the production stages, the load shift, the inter-operation time, the operating time and the safety time 

can be influenced. In all order processing strategies with an order-specific production run, an extension of 

the delivery time can be caused by a load shift. A load shift occurs when capacities are already utilised for a 

more extended period and new orders can only be scheduled later on when capacities are free [4]. Within 

this framework, the provision of capacity flexibility is a possibility to accept new orders and realise short 

delivery times by using additional capacity at short notice [14]. To this end, measures must be taken to create 

capacity flexibility. However, capacity flexibility is limited and cost-intensive [14]. Capacity can also be 

reserved within the framework of production planning to be able to schedule orders at short notice [15]. But 

if short-term orders fail to materialise, capacity utilization losses are a risk. To avoid this, the capacity 

reservation can be combined with a work-in-process (WIP) regulating order release so that orders are brought 

forward. [4] On the one hand, this leads to a negative schedule deviation and thus to finished goods stocks 

due to premature order completion. On the other hand, short-term orders can be realised without using 

capacity flexibility and without overloading the production system, which would result in a backlog. 

The safety time can be scheduled as part of throughput scheduling to compensate for possible delays from 

production and still deliver on time. In this way, a safety time increases the delivery reliability, but 

simultaneously increases finished goods stock due to premature order completion. [16] To reduce the 

delivery time at short notice, less safety time or no safety time can be assigned during throughput scheduling. 

This might decrease the delivery reliability. The operation time can be reduced at short notice by splitting 

lots, assuming the availability of work systems that can be used in parallel. Work processes can also be 

carried out overlapping. [17] In the medium term, transport processes between work systems can be 

optimised. This aims at reducing the minimum transition time, which is the transport time as part of the inter-

operation time [2]. A central possibility for shortening the inter-operation time is the use of accelerated 

orders [17]. Rush orders can be used to achieve maximum speed-up for time-urgent orders by prioritising 

these orders to the front of a queue [5]. Fast-track orders differ from rush orders as they are scheduled with 

individual inter-operation times just to meet the delivery date and are sequenced by the due date. Fast-track 

orders can thus also be accelerated as much as rush orders. However, this is only done when necessary. As 

a result, normal orders will probably not be delayed as much and higher shares of fast-track orders can be 

accepted than is the case with rush orders. [18] 

It can be concluded that the positioning of the CODP and the use of accelerated orders are easy means to 

influence the delivery time in a targeted manner in comparison with the other means introduced before. 

Therefore, in section 3, existing approaches of achieving specific delivery times through fast-track orders 

and shifting the CODP are discussed to highlight the need for further research. 
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3. Literature review and need for research  

TRZYNA modeled the throughput time of rush orders and, taking into account a rush order share, the 

throughput time of normal orders for single work systems [19]. This enables the calculation of the minimal 

achievable throughput times for given production systems. LÖDDING AND ENGEHAUSEN have developed an 

approach to maximise incoming orders in the context of heterogeneous desired delivery times using rush 

orders. This approach is based on pure MTO production. Therefore, only the rush order share is used as a 

control variable to realise different delivery times. In addition, simplifying a single-stage production is 

assumed. [20] Due to these assumptions, mainly the focus on MTO, the approach is limited for the 

application under consideration. Many other approaches focus on achieving different delivery times by using 

rush orders in an MTO production by providing production planning procedures. CHUNG ET AL. describe an 

order release that releases rush orders in a stock-controlled manner or at the same time interval so that the 

production system is not overloaded [21]. Some approaches focus on rescheduling when rush orders occur 

[22–24]. LIU AND LIU consider production and distribution together and minimise the delivery time using 

linear optimisation for scheduling, batching and delivering [25]. These works are essential for improving the 

usage of accelerated orders. However, they may not support the choice of whether to prefer accelerated 

orders or a shift of the CODP. Regarding this choice, the research done so far only provides for an upper 

limit of approx. 30% of the work content for rush orders. Otherwise, the rush orders would interfere with 

each other resulting in an increase in their mean throughput times and the throughput time variation [26,15]. 

A systematic description of influencing the delivery time through shifting the CODP was performed by 

HOEKSTRA AND ROMME [8]. TEIMOURY ET AL. determine the appropriate position of the CODP using a 

linear optimisation model taking into account the product costs [27]. Most authors provide a procedure in 

which the CODP is positioned to achieve the lowest required delivery time. GRIGUTSCH developed a model-

based positioning of the CODP. Contrary to other authors, this author clearly addresses delivery time and 

schedule compliance. [28] In the research project on which this paper is based, an approach was developed 

by MAIER ET AL. linking logistical models. This approach makes it possible to calculate which order 

processing strategy has the lowest logistical costs for each product, achieving a certain schedule compliance 

or a certain service level in the finished-goods store. In doing so, fixed delivery time requirements per 

product are assumed to narrow down the solution space. [29]  

In summary, there is no approach yet that enables companies to design their production through the choice 

of order processing strategy and the use of fast-track orders so that heterogeneous desired delivery times can 

be served, but low logistical costs are achieved. Approaches to the use of fast-track orders are usually only 

geared to their processing within the framework of MTO production. Approaches to the choice of order 

processing strategy usually consider a fixed delivery time to be achieved and neglect the possibility of 

producing orders with a lower than the standard planned throughput time. For example, this can result in 

MTS being planned for a product to guarantee the fixed delivery time, resulting in high costs due to finished 

goods stock. However, the proportion of orders for this product that require a short throughput time could 

also be handled in the context of MTO production through fast-track orders. That would mean that no stocks 

of finished goods would have to be kept. However, interactions of the fast-track orders with other orders 

have to be taken into account. 

Therefore, this paper aims to systematise these interdependencies to select the order processing strategy that 

would result in the lowest logistical costs under the assumption of the same logistical performance in service 

level (MTS) or schedule compliance (MTO, ATO) when using fast-track orders. 

4. Effects of using fast-track orders and shifting the CODP on logistic objectives 

Different order processing strategies with different needs for accelerating production orders are possible to 

serve heterogeneous desired delivery times. Therefore, this section describes the interdependencies that need 
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to be considered when deciding between these options. The effects of shifting the CODP and using fast-track 

orders on logistic objectives and interactions were summarised in Figure 2 and are explained in the following. 

 

Figure 2: Effects of fast-track orders and position of the CODP on logistic objectives 

A downstream shifted CODP (see the upper part of Figure 2) allows larger, more economical lot sizes LSpre 

in the pre-production stage. Lot size calculation rules can be taken from [30]. Larger lot sizes reduce the 

manufacturing costs Cm due to lower set-up costs. However, larger lot sizes also affect a higher level of WIP 

in the pre-production stage. Furthermore, the shift affects a higher CODP stock of semi-finished products 

SLCODP. [31] The calculation of the safety stock level SSLCODP and the stock level SLCODP depending on the 

target service level SERLtar,CODP can be taken from [32]. Since a smaller part of the order throughput is 

customer order-specific (see Figure 1), the throughput time TTPm,order for the product in question decreases. 

In addition, the variation of the lateness in the final stage LV,fin is reduced for this product as fewer work 

systems are passed through [28]. Thus, shorter safety times ST can be used to achieve the target schedule 

compliance SCtar. As a result, the delivery time TD and the finished products stock level SLfp due to orders 

completed too early are reduced [16]. 

Shorter delivery times can also be realised by integrating fast-track orders into production [20]. However, 

the integration of a share of fast-track orders on the work content 𝜏 has the consequence that the throughput 

times of normal orders TTPN are extended [18,19]. Similarly, the variation of the lateness of normal orders 

in the final production stage LV,fin may increase [18]. This interaction still has to be modeled to enable a 

holistic model-based evaluation of occurring logistical costs. Higher variation of lateness LV,fin and the longer 

throughput time of normal orders TTPN result in higher safety stocks SSLfp  for MTS products. The 

calculation of SSLfp and SLfp in accordance with SERLtar,fp can also be taken from [32]. In case of MTO or 

ATO products, with a higher variation of lateness LV,fin higher safety times ST have to be allocated to reach 

the target schedule compliance SCtar. How to dimension the safety time ST in accordance with the variation 

of the lateness LV,fin and the target schedule compliance SCtar and which delivery time TD and which finished 

product stock level SLfp result from this safety time, can be determined following [16].  
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5. Analysis of the delivery time related suitable order processing strategy 

Based on the previously identified interdependencies between the positioning of the CODP and the use of 

fast-track orders with logistic objectives, this section examines interactions and trade-offs between the 

instruments and their parameterisation. 

It is assumed that delivery times below the mean throughput time are served with fast-track orders if it is 

possible for the considered CODP position. Therefore, the position of the CODP determines how many 

orders can be served at all and how many fast-track orders must be used with which inter-operation time 

reduction. A product view and a resource view are described below for analysis purposes.  

The product view is shown in Figure 3 with a fictional example for producing a single product. The diagrams 

show the absolute frequency of delivery times requested by customers in the number of orders in a reference 

period. The delivery times considered here have been adjusted for time components such as dispatch time 

so that it is essentially a maximum permissible throughput time. For simplicity, the term delivery time will 

continue to be used in the following. Three possible scenarios are MTS, ATO and MTO. Since there is no 

order-related production throughput time for MTS, the logistical costs for MTS with a specific target service 

level can be calculated following the interdependencies from section 4. Therefore, only MTO and ATO are 

considered concerning the fulfillment of the heterogeneous desired delivery times. 

 

Figure 3: Fulfilling heterogenous desired delivery times with different order types 

It is assumed that a rush order's progressing starts at each work system as soon as the last order in progress 

finishes (see [18]). All desired delivery times below this cannot be served by accelerated orders either, which 

leads to a rejection rate 𝜑. In this example, the logistical positioning of planned WIP at MTO results in a 

mean throughput time TTPm of 9 shop calendar days. Fast-track orders achieve delivery times shorter than 

the mean throughput time. The equilibrium condition, according to TRZYNA and HEUER ET AL., provides an 

approach to determine the planned throughput time for normal orders TTPN as the boundary between normal 

and fast-track orders using the distribution of the desired delivery times, the minimum realisable throughput 

time TTPmin and the mean throughput time TTPm (see Figure 4) [18,19]. All orders with a delivery time 

higher than the minimum delivery time and less than the planned throughput time for normal orders are 

therefore fast-track orders, which in their entirety give rise to a fast-track order share of 𝜏 in all orders.  
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Figure 4: Output and Throughput Time Operating Curves with fast-track orders [18] 

In the example for MTO, 𝜑 is 6%. These potentially lucrative orders cannot be accepted. With ATO, on the 

other hand, only 2% cannot be accepted. While for MTO both production stages are burdened with 170 fast-

track orders, for ATO only the final production stage is burdened with 35 fast-track orders. 

Due to the interactions with the logistic objectives of other products described in section 4, the product view 

described must be expanded to include a resource view to identify possible problems at the production stages 

under consideration and thus also other products (see Figure 5).  

 
Figure 5: Product view and resource view 

When deciding on a shift of the CODP or the use of fast-track orders, the same decision must always be 

made for other products. If the CODP for a product is set so that fast-track orders become necessary at a 

production stage, this must be taken into account in the resource view. The desired delivery times must be 

broken down to the maximum permissible throughput times in the order-specific production run on the 

individual production stages to be run through. Special effects such as a limitation of the inter-operation time 

reduction at work systems with set-up time-optimising sequencing may have to be considered. The resource 

view of a work system must be aggregated for all products whose maximum permissible throughput times 

are to be processed across all products. In this way, the resource view can derive planned throughput times 

for standard orders. 

For example, a production with two MTS products (product A and B) and one MTO product (product C) is 

assumed. Product B is switched from MTS to ATO to save costs (see Figure 5). To achieve the desired 

delivery time of the customer without shifting the COPD downstream, orders of product B in the final 

production stage have to be partially scheduled as fast-track orders. To check the profitability of this change, 

the interdependencies shown in Figure 2 must be taken into account. By scheduling fast-track orders in the 

final production stage, the throughput times of all other orders in this production stage are extended. This 

means that the throughput time of products A and C are extended. Thus, with a higher replenishment time, 

the safety stock of product A in the finished goods stock must be increased to achieve the same service level 

for product A. While an increase in safety stock can compensate for longer replenishment times for product 

A, it must be checked for product C whether the desired delivery times can still be realised despite this 

throughput time extension. If this is critical at the final production stage, there is still the possibility of using 

acceleration potentials at the production pre-stage for product C. To assess the profitability of changing the 
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order processing strategy of product B, the initial savings in the stock of product B must be weighed against 

the cost of the additional demand for safety stock for product A and secondary effects of product C.  

6. Conclusions

Meeting customers' heterogeneous delivery time requirements holds great potential for companies to 

increase customer satisfaction and revenues. There are many instruments to realise shorter delivery times. 

Some of them should be chosen strategically and in the long term, others can be used in the short term. As 

two key instruments, the positioning of the CODP and the use of fast-track orders were investigated in this 

paper. While the positioning of the CODP, in particular, reduces the average throughput time, a specific 

range of different delivery times can be mapped through the systematic use of fast-track orders. So far, 

however, there is no approach that takes into account a coupled decision on the position of the CODP and 

the use of accelerated production orders, potentially resulting in higher logistical costs. 

When positioning the CODP, numerous interactions with logistic objectives have to be considered. The 

positioning of the CODP per product cannot be done in isolation, assuming the use of fast-track orders. In 

addition, interactions with other products must be taken into account from a resource perspective. This paper 

describes the most important influences on logistic objectives and the interactions on the resource view. That 

makes the coupled positioning of the CODP using fast-track orders accessible to scientific research. Thus, a 

first approach for determining resource-based planned throughput times could already be developed to link 

the decision on product level and its influences on other products. That already allows a trade-off in the 

product-related decision to shift the CODP. The use of heterogeneous planned throughput times requires 

precise design but can meet heterogeneous delivery time requirements at the same target utilisation rates and 

lower stocks, thus being more competitive. 

The approach proposed in this paper for the positioning of the CODP in the context of the use of fast-track 

orders must be concretised. Modeling gaps, like the interaction of the share of fast-track orders on the 

variation of lateness, have to be quantified. As a result, it will be possible to determine for the entire product 

portfolio which position of the CODP should be selected, considerung fast-track orders, in order to achieve 

minimum logistical costs in the context of heterogeneous delivery time requirements for a given target 

logistical performance. 

Acknowledgements 

The research project was carried out in the framework of the industrial collective research programme (IGF 

no. 20906 N). It was supported by the Federal Ministry for Economic Affairs and Climate Action (BMWK) 

through the AiF (German Federation of Industrial Research Associations eV) and the BVL 

(Bundesvereinigung Logistik eV) based on a decision taken by the German Bundestag. 

References 

[1] Handfield, R.B., Straube, F., Pfohl, H.-C., Wieland, A., 2013. Embracing global logistics complexity

to drive market advantage. DVV Media Group, Hamburg.

[2] Wiendahl, H.-P., Reichardt, J., Nyhuis, P., 2015. Handbook factory planning and design. Springer,

Berlin, Heidelberg, 501 pp.

[3] Gudehus, T., Kotzab, H., 2012. Comprehensive logistics, 2., rev. and enl. ed. Springer, Berlin,

Heidelberg.

[4] Lödding, H., 2013. Handbook of Manufacturing Control: Fundamentals, description, configuration.

Springer, Berlin, Heidelberg.

571



[5] Trzyna, D., Kuyumcu, A., Lödding, H., 2012. Throughput time characteristics of rush orders and their 

impact on standard orders. Procedia CIRP (3), 311–316. 

[6] Sharman, G., 1984. The rediscovery of logistics. Harvard Business Review 62 (5), 71–80. 

[7] Wemmerlöv, U., 1984. Assemble-to-order manufacturing: Implications for materials management. 

Journal of Operations Management 4 (4), 347–368. 

[8] Hoekstra, S., Romme, J., Argelo, S.M., 1992. Integral Logistic Structures: Developing Cus-tomer-

Oriented Goods Flow. Industrial Press, New York. 

[9] Wortmann, J.C., 1983. A Classification Scheme for Master Production Scheduling, in: Wilson, B., 

Berg, C.C., French, D. (Eds.), Efficiency of Manufacturing Systems. Springer US, Boston, MA, pp. 

101–109. 

[10] Schönsleben, P., 2012. Integral Logistics Management: Operations and Supply Chain Management 

Within and Across Companies, 5th ed. Chapman & Hall/CRC Press, Boca Raton. 

[11] Chen, J., Cox, R., 2012. Value Stream Management for Lean Office—A Case Study. American 

Journal of Industrial and Business Management 2 (2), 17–29. 

[12] Sohlenius, G., 1992. Concurrent Engineering. CIRP Annals 41 (2), 645–655. 

[13] Chopra, S., 2003. Designing the distribution network in a supply chain. Transportation Research Part 

E: Logistics and Transportation Review 39 (2), 123–140. 

[14] Kingsman, B.G., Tatsiopoulos, I.P., Hendry, L.C., 1989. A structural methodology for managing 

manufacturing lead times in make-to-order companies. European journal of operational research 40, 

196–209. 

[15] Thürer, M., Silva, C., Stevenson, M., 2010. Workload control release mechanisms: from practice back 

to theory building. International journal of production research 48 (12), 3593–3617. 

[16] Schmidt, M., Bertsch, S., Nyhuis, P., 2014. Schedule compliance operating curves and their 

application in designing the supply chain of a metal producer. Production Planning & Control 25 (2), 

123–133. 

[17] Mertens, P., 2013. Integrierte Informationsverarbeitung 1: Operative Systeme in der Industrie, 18th 

ed. Springer Fachmedien Wiesbaden, Wiesbaden. 

[18] Heuer, T., Maier, J.T., Schmidt, M., Nyhuis, P., 2021. Be in control of rush orders logistically. wt 

Werkstattstechnik online 111 (4), 185–189. 

[19] Trzyna, D., Lödding, H., Nyhuis, P., 2015. Modellierung und Steuerung von Eilaufträgen in der 

Produktion. Zugl.: Diss. TUHH Institut für Produktionsmanagement und -technik, Hamburg. 

[20] Lödding, H., Engehausen, F., 2019. Use Rush Orders Strategically: How Make-to-Order Companies 

Can Increase Their Order Intake. Zeitschrift für wirtschaftlichen Fabrikbetrieb 114 (7-8), 449–454. 

[21] Chung, Y.H., Seo, J.C., Kim, C.M., Kim, B.H., Park, S.C., 2017. Reservation-based dispatching rule 

for make-to-order wafer FAB with high-priority lots. Concurrent Engineering 25 (1), 68–80. 

[22] He, X., Dong, S., Zhao, N., 2020. Research on rush order insertion rescheduling problem under 

hybrid flow shop based on NSGA-III. International journal of production research 58 (4), 1161–1177. 

[23] Psarommatis, F., Zheng, X., Kiritsis, D., 2021. A two-layer criteria evaluation approach for re-

scheduling efficiently semi-automated assembly lines with high number of rush orders. Procedia 

CIRP 97, 172–177. 

[24] Ren, X., Wang, X., Geng, N., Jiang, Z., 2021. The Just-In-Time Job-Shop Rescheduling with Rush 

Orders by Using a Meta-Heuristic Algorithm, in: 17th International Conference on Automation 

Science and Engineering (CASE), Lyon, France. IEEE, pp. 298–303. 

[25] Liu, L., Liu, S., 2020. Integrated Production and Distribution Problem of Perishable Products with a 

Minimum Total Order Weighted Delivery Time. Mathematics 8 (2), 146. 

[26] Jäger, Y., Roser, C., 2018. Effect of Prioritization on the Waiting Time, in: Moon I., Lee G., Park J., 

Kiritsis D., von Cieminski G. (Ed.), Advances in Production Management Systems. Production 

572



Management for Data-Driven, Intelligent, Collaborative, and Sustainable Manufacturing, vol. 535. 

Springer, Cham, pp. 21–26. 

[27] Teimoury, E., Modarres, M., Khondabi, I.G., Fathi, M., 2012. A queuing approach for making 

decisions about order penetration point in multiechelon supply chains. Int J Adv Manuf Technol 63 

(1-4), 359–371. 

[28] Grigutsch, M., 2016. Modellbasierte Bewertung der logistischen Leistungsfähigkeit in Abhängigkeit 

des Kundenauftragsentkopplungspunktes. Dissertation. 

[29] Maier, J.T., Heuer, T., Stoffersen, H., Nyhuis, P., Schmidt, M., 2022. Data based analysis of order 

processing strategies to support the positioning between conflicting economic and logistic objectives. 

Procedia CIRP, (Full Paper accepted). 

[30] Münzberg, B., 2013. Multikriterielle Losgrößenbildung. PZH-Verlag, Garbsen. 

[31] Nywlt, J., 2016. Logistikorientierte Positionierung des Kundenauftragsentkoppelungspunktes. 

Dissertation. 

[32] Nyhuis, P., 2009. Fundamentals of production logistics: Theory, tools and applications, Softcover re-

print of the hardcover 1st edition 2009 ed. Springer, Berlin, Heidelberg. 

 

Biography 

 

Tammo Heuer (*1992) studied industrial engineering at the Leibniz University 

Hannover and has been working as a research associate at the Institute of Production 

Systems and Logistics (IFA) at the Leibniz University Hannover in the field of 

production management since 2018. 

  

 

Janine Tatjana Maier (*1994) studied industrial engineering at the Leibniz 

University Hannover. Since 2018, she works as a research associate in the field of 

production management at the Institute of Product and Process Innovation (PPI) at 

the Leuphana University of Lüneburg. 

  

 

Matthias Schmidt (*1978) studied industrial engineering at the Leibniz University 

Hannover and subsequently worked as a research associate at the Institute of 

Production Systems and Logistics (IFA). After completing his doctorate in 

engineering, he became head of Research and Industry of the IFA and received his 

habilitation. Since 2018, he holds the chair of production management at the Institute 

for Product and Process Innovation (PPI) at the Leuphana University of Lüneburg. In 

addition, he became the head of the PPI in 2019. 
  

 

Peter Nyhuis (*1957) studied mechanical engineering at Leibniz University 

Hannover and subsequently worked as a research associate at the Institute of 

Production Systems and Logistics (IFA). After completing his doctorate in 

engineering, he received his habilitation before working as a manager in the field of 

supply chain management in the electronics and mechanical engineering industry. He 

is heading the IFA since 2003. In 2008 he became managing partner of the IPH - 

Institut für Integrierte Produktion Hannover gGmbH. 

573



CONFERENCE ON PRODUCTION SYSTEMS AND LOGISTICS 
CPSL 2022 

__________________________________________________________________________________ 

DOI: https://doi.org/10.15488/12141 

3rd Conference on Production Systems and Logistics 

Business Model Scenarios For Digital Textile Microfactories 
Marcus Winkler1, Franziska Moltenbrey1, Meike Tilebein2,1 

1German Institutes of Textile and Fiber Research, Denkendorf, Germany 
2University of Stuttgart, Institute for Diversity Studies in Engineering, Stuttgart, Germany 

Abstract 

In several industries the concept of Microfactories has been developed and their potentials are still subject 
of research and development. Also in the Textile and Clothing Industry this concept of a digitally networked 
end-to-end digital design and production process finds its first realizations in different applications. Such a 
Digital Textile Microfactory can cover a complete value creating chain comprising all design and production 
steps from the customer to the ready-made product. It relies on virtual models of the process steps involved, 
as well as of the materials, the products, and the customers. The digital backbone allows for speed, efficiency, 
high quality, and deep consumer interaction leading to a great innovation potential in a wide area of 
applications and Business Models. They range from B2B types, where they can support and speed up the 
prototyping phase of product development (sampling) up to B2C settings for the innovative production of 
individualized products, including reordering as well as event-driven production and locally centred 
production. But in spite of the potential benefits of a Digital Textile Microfactory, there are still just a few 
realizations seen in the industry due to investment risks and uncertainty with regards to new Business 
Models. 

The goal of this paper is to explore Business Model scenarios for a Digital Textile Microfactory that uses 
digital textile printing as a core process. We first describe the economic characteristics of the Textile and 
Clothing Industry, and then the digital technology and process underlying such a Digital Textile 
Microfactory. Based on this description, we then explore different B2B and B2C application scenarios – 
developed in previous European and German research projects – and settings for related Business Models. 

Keywords 

Microfactory; Digital Textile Printing; Business Model; Textile Industry; Digitalization 

1. Introduction

The Textile and Clothing Industry (TCI), and especially the sectors of fashion and apparel as well as home 
and household textiles are characterised by global value chains and by high dynamics. Reasons for this 
include the megatrend individualization [1], worldwide competition, as well as recent technology and 
process innovations [2]. The traditional reactions of cost reductions, outsourcing of production to low-wage 
countries or unspecific stimulation of product demand trying to restore mass production are not promising 
for many new Business Models, and thus do not always offer an adequate answer to the extreme short product 
life cycles for many companies in the fashion sector.  

Specific additional challenges in the fashion sector arise from the facts that first, product development 
usually takes relatively long time, as it involves manual process steps and iterated production of physical 
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samples and second, end-consumer demand is highly volatile, resulting in stock-outs or wasteful 
overproduction. 

Moreover, apart from these economic characteristics the TCI is faced with social and ecological grievances, 
such as child labour and environmental pollution through chemicals playing a role in end consumers’ 
purchasing decisions. This can be seen in approaches such as Circular Fashion, Sharing Economy [3] and 
the consideration of sustainability aspects, e.g. ecological footprint, use of resources, cradle-to-cradle 
approaches or the large number of different labels and certificates, signalling sustainability aspects towards 
customers. 

Digital technologies deriving from the vision of Industry 4.0 offer great potential to address these challenges 
for the TCI. Solutions for value creation networks and production using intelligent networking [5], taking 
into account the possibilities of flexible production, adaptable factories, customer-centric solutions, 
optimised logistics, use of data for new Business Models and resource-saving circular economy [6], that 
have proven to be beneficial to other industries can also be applied to the TCI. 

Among these approaches Microfactories have recently been subject to research and development [7] and 
offer new possibilities for the TCI in the form of a Digital Textile Microfactory (DTMF). A DTMF is an 
end-to-end digitally networked development and production process for textile and clothing products. Its 
digital backbone allows for speed, efficiency, high quality, and deep consumer interaction leading to a great 
innovation potential in a wide area of applications and Business Models. A DTMF can provide solutions for 
efficient development and production of individualised products in small lot sizes, being fast and flexible in 
a more sustainable production and supply chain. 

Consistent digitalization along the entire value chain and the associated information transparency as included 
in the DTMF also offer solutions to issues of ecological and social sustainability. 

Within the next sections of this paper the basic principles and process steps of a DTMF will be presented 
(section 2), followed by a description of different B2B and B2C Business Model scenarios for the TCI. In 
particular, these Business Models address firstly the production of individualised products, the sampling of 
prototypes, the re-ordering (of best-sellers) and the event-driven and locally centred production by using 
different kinds of settings of the DTMF. They will be discussed in depth in section 3 and summarized in 
section 4. 

2. The Digital Textile Microfactory 

The first forms of Microfactories were described in Japan in the 1990s [8]. The DTMF has already existed 
as a technical implementation in different forms and settings for several years. The Adidas Group 
demonstrated one form with its Speedfactory for individualised running shoes [9]. Currently, DTMFs exist 
for three product groups: Knitted fabrics, home textiles, and clothing made from textile surfaces. 

The DMTF covers the complete value creating chain comprising all design and production steps from the 
customer to the ready-made product using these benefits of digitalization and, in most applications or 
settings, geographical proximity of the production steps. The operations rely on virtual models (digital twins) 
of the process steps involved, as well as of the materials, the products, and the customers. This digitalization 
allows effects regarding flexibility (deep consumer interaction), speed (availability), efficiency (less 
physical waste), high quality (no ramp up process), and personalization (lot size one). These effects will 
be picked up in section 3 and assigned there to specific application cases, in order to show their relevance 
and possible influence, besides the resource savings by using digital twins as long as possible (described in 
section 3). 
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In general, the traditional textile production workflow involves manual, labour-intensive steps from creating 
a design to sewing the final garment [4]. The DTMF approach reduces the long, time-consuming production 
steps to a minimum, especially in the development step, and ensures a continuous integrated workflow, e.g. 
with the help of the following value creation steps in a DTMF that uses digital textile printing on textile 
surfaces as a core process: 

− Body Scanning: There are already 3D body scanning technologies that allow the generation of 
digital twins and a virtual try-on in a 3D simulation programme. This can be used for made-to-
measure production and can help to determine body data on demand in order to integrate 
measurement data into existing processes. This enables the body scanner to replace the tape measure 
with digital measurements on an individual avatar. As a result, the measurement data can be reused 
and compared in the long term [10]. 

− 3D/Design: The basis of a DTMF is the development of creative design in CAD, where garments 
with real materials (colours/texture) are digitally mapped, e.g. onto individual avatars (virtual 
models). Thus, in this design step avatars that were previously created with the body scanner can be 
imported to adapt and grade cuts to individual measurements [11]. The realistic representation makes 
the interaction of material, cut and body in particular visible (e.g. virtual fit analyses) [12] which 
can save samples and thus development costs and effort to a considerable extent. With the help of a 
3D simulation, the design is then prepared for cutting out [11]. 

− Raster Image Processing (RIP): After the 3D design, a ‘print and cut’ file is created, which 
contains a multi-layer file and displays different layers, for example for contours and textures. For 
this purpose, identifying QR codes and position markers are integrated into the production order for 
later position recognition. It facilitates the colour-compliant preparation of the design data for the 
digital printer [11]. This workflow enables more efficient and resource-saving production compared 
to traditional ones. It is also suitable for on-demand productions, as the workflow can be flexibly 
adapted. 

− AR/VR: Virtual interaction options such as Augmented and Virtual Reality (AR/VR) can also be 
integrated into the DTMF, representing a digital showroom – a virtual place where collections can 
be viewed virtually. There are already digital and interactive 3D product presentations that can be 
used at the point of sale [13]. This saves the time-consuming procedure of handing over collections 
(via photo creation, manual uploading of files, entering in different tools) as it has been practised in 
previous processes. 

− Digital Printing: In the next step, the textiles are printed with the individual designs using the core 
process, the digital printing process [14]. The production files required for this are generated directly 
from a 3D simulation environment. The colour-accurate preparation of the design data is made 
possible with the help of the aforementioned RIP programme. The designs are printed on transfer 
paper, using sublimation equipment. The following thermo-fixing process is accomplished using the 
calender, thus ensuring a perfect print [11]. 

− Cutting Out: With the help of a camera, the identifying QR codes and position markers make it 
possible to identify the exact position of each component and the material then can be cut out, 
entirely automatically [11]. 

− Handling: The cut outs then can be sorted, in a completely automated process, using a robotic arm 
with a grab claw transporting them, directly and as efficiently as possible, to the assembly 
department [11]. 

− Assembling: Finally, the individual components are joined together to form a finished product, e.g. 
by means of sewing or ultrasonic welding machines [11]. 
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3. Business Models for DTMF 

A DTMF bears great innovation potential in a broad range of applications and Business Model scenarios, 
covering B2B settings, where they can improve the prototyping phase of product development up to B2C 
settings for the innovative production of single-lot, on-site, on-demand individualized products [15,16]. 
Those benefits of DTMF so far are not widely seen and realised in the TCI due to perceived investment risks 
and uncertainty with regard to new Business Models. Although there are different generic approaches for 
Business Model Innovation [17,18] the specific characteristics of the TCI call for a closer look at potential 
DTMF Business Models.  

The economic use of DTMF is a dynamic problem and depends on external conditions and internal design 
fields and their mutual influences. External conditions include product requirements and dominant market 
mechanisms, such as trends, competition, demand and delay effects. The internal design fields also include 
a large number of aspects, such as the setting of the DTMF, the necessary number of machines per value-
added stage (scaling), the possible throughput of the DTMF (dimensioning), the operational classification of 
the DTMF and the associated unit costs and margins to be realised, the resulting throughput times and the 
competence and personnel requirements. 

Besides the economic dimension of sustainability of DTMF – leading to reduced costs and increased margins 
– there are ecological aspects that refer mainly on ‘… reduction of waste and transportation needs’ [15]. 
Even digital textile printing as a core process and standalone technology is able to reduce the consumption 
of ink, waste, energy, and water in comparison to screen printing [15] and offers for all applications potentials 
to resource saving. The social dimension is met by the local or regional production being close to the 
customer, focusing together with the data-based transparency on socially responsible innovation and 
production [15]. 

Using the DTMF as an integrated concept covering all value creation steps in one place, as described in 
section 2 (possibly excluding the body scanning), there are at least four application cases that can serve for 
Business Models, as indicated above: individualization, sampling, reordering and event-driven and locally 
centred production. Those application cases have been developed in European and German research projects 
[2,14]. Especially the following ones, labelled as individualization, sampling and event-driven and locally 
centred production are an outcome of the European Research project ‘A Knowledge-based business model 
for small series fashion products by integrating customized innovative services in big data environment’, 
where they have been derived from different production scenarios [2]. The application case reordering has 
been developed in the wake of German research projects, dealing with the digital transformation in the 
apparel and clothing industry [14]: 

− Individualization: Companies can participate in the megatrend of individualization, which is 
estimated to have a positive impact on turnover next 10-15 years [19], even though there are still 
few quantitatively reliable statements on turnover development. Nevertheless, cautiously estimated 
turnover increases of 0.5% to 1% per year are assumed here. Specific customer requirements and 
wishes can thus be implemented quickly and efficiently in production. This leads to interactive and 
customer-driven value creation processes. Individual product designs also provide the customer with 
a special experience. As digitalization increases the range and choice of products and technologies, 
and consumer demands for uniqueness, quality and service grow. Accordingly, this can again lead 
to increased competition for individual products and cost pressure [14] and addresses more or less 
all three sustainability dimensions. Effected in a positive manner are flexibility (deep consumer 
interaction), speed (availability), high quality (no ramp up process) and personalization (lot size 
one). 

− Sampling: Working within a digitalised process, using digital twins as long as possible instead of 
physical samples offers significant cost reductions in new product development. Recent 
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investigations within the framework of the AiF research project ‘Digital Collection Development’ 
(IGF project 20892 N) at the Center of Management Research of the German Institutes of Textile 
and Fiber Research Denkendorf (DITF) in the area of small series in the workwear sector show 
saving potentials in the new product development and sample production process of 10% to 20% for 
a product line (e.g. a specific pair of work trousers) [20]. These savings result from the elimination 
of several physical (fabric) samples and the faster recognition and elimination of undesirable 
developments by simulating matching repeats, colours etc. Savings can even double when 
considering new product lines to be developed. Thus, noticeable cost savings of 20% to 40% are 
possible in product development, especially in sampling, which can then account for up to 1% of 
total turnover. This in turn simplifies communication and coordination processes between those 
involved within the process and thus reduces environmental impact by producing fewer physical 
samples. Digital sampling, however, also means changes from the perspective of the employees, 
including training, instruction and qualification as well as high investment costs for new systems 
(e.g. 3D tools) [2]. Business Models here can lead to services offering to re-invent parts or the whole 
sampling process and effect in particular efficiency (less physical waste) and high quality (no ramp 
up process) addressing mainly economic and ecologic dimensions of sustainability. 

− Reordering: In the case of sold out and highly demanded products a fast and flexible response would 
allow to satisfy customers’ needs and profit from them. This could include small batches from lot 
size one up to a big number of products in order to keep the customer’s loyalty and avoid 
overproduction in times of unstable demand. Hence, the benefits here are twofold: the production 
could be oriented due to a conservative forecast or demand with less warehousing costs, and the 
possibility to retain the customer, who will wait for the desired product, which will convert a lost 
sale into a so-called backlog [21]. Hence, speed (availability) and high quality (no ramp up process) 
are mainly addressed in a positive way and contribute strongly to economic dimensions of 
sustainability. 

− Event-driven and locally centred production: Concerning several events, such as seasonal, sport 
and cultural ones, there is an opportunity to sell products – often quite simple ones, like T-shirts or 
scarfs – to customers being fans, supporters, showing to public their opinion etc. This demand is 
often not predictable and does not allow long delivery times. This asks for a production in the 
surrounding area, a local production, with a fast and flexible response time. There is in general no 
time for ramp-up and complicated design and accessories, as the time to market is very close. 
The locally centred production, not only for events, as it is proclaimed in the trend of nearshoring 
[22], allows to react fast and flexible by using known structures, common rules and conditions [2]. 
This Business Model requires a powerful infrastructure (using digital twins) and a lot of know-how 
as well as qualified partners and workers. It could increase the risk of losing touch with new 
developments due to missing global influences. This means that innovative products must constantly 
be brought to market and organizational structures must be adapted [2]. In addition, there is the 
opportunity to choose resources in an environmentally oriented way, to produce under local 
conditions and thus to comply with socio-ecological standards, and the extent of product 
counterfeiting can be reduced, which often is a huge problem [23]. This effects positively flexibility 
(deep consumer interaction), speed (availability), efficiency (less physical waste), high quality (no 
ramp up process), and personalization (lot size one). Furthermore, all dimensions of sustainability 
are addressed to some extent here. 

These Business Models can be supported by the following settings of the DTMF [24]: 

− Factory-in-Shop: A DTMF placed in a retail and/or selling environment focusing on customer or 
consumer interaction with a fast throughput and production time. 
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− (Standalone) Factory: A DTMF with upscaling capacities allowing to produce a fast and flexible 
on-demand production, e.g. high-speed printing using multiple printers. 

− Factory-in-Factory: A DTMF as a workplace in a textile or garment factory for dedicated 
production jobs (sampling, lot-size one). 

− Technological Centre (Lab): A DTMF as part of a technological centre or a lab (following the fab 
lab concept) for design, experimenting, co-creation of products as well as training and education 
purposes of processes. 

In general individualization (1) can be supported by ‘Factory-in-Shop’ and ‘(standalone) Factory’, sampling 
(2) by ‘Factory-in-Factory’ and ‘Technological Centre (Lab)’, reordering (3) by ‘(standalone) Factory’ and 
event-driven and locally centred production (4) by ‘Factory-in-Shop’ and ‘(standalone) Factory’ as shown 
in Table 1:  

Table 1: Settings of DTMF for different Business Models 

Business Model Positive Effects (in 
addition to resource 
saving) on 

Dimension of 
sustainability 
addressed 

DTMF Setting Type of 
Business 
Model 

Individualization Flexibility, speed, high 
quality, personalization 
 

Ecologic, 
economic, social 

Factory-in-Shop, 
(standalone) Factory 

B2C 

Sampling Efficiency, high quality Ecologic, 
economic 

Factory-in-Factory, 
Technological Centre 
(Lab) 

B2B 

Reordering Speed, high quality 
 

Economic (Standalone) Factory B2C 

Event-driven and 
locally centred 
production 

Flexibility, speed, 
efficiency, high quality, 
personalization 

Ecologic, 
economic, social 

Factory-in-Shop, 
(standalone) Factory 

B2C 

 

These settings allow in general to use the DTMF as integrated process including all steps presented in section 
2 in one place for a fully networked production from body scanning, 3D simulation of the individual garment 
to digital printing and cutting out to the finished product. In addition, there are other settings (especially 
sampling) that allow e.g. the production of samples in digital networked forms widely spread over different 
countries, using only parts of the integrated concept DTMF [24].  

Encouraged by the DTMF economic benefits, a trend towards in-house manufacturing for several fashion 
retailers can already be observed (using the Factory-in-Factory setting), to control their supply chain and to 
have the benefit of speed to market as well as sustainability [25].  

4. Summary 

Recent trends and developments in the TCI call for an increased use of digital technologies in order to address 
changing market and sustainability needs. In this paper we have shown potential Business Models for a fully 
networked DTMF that uses digital textile printing as a core process step, starting with body scanning, 
3D/Design, RIP, AR/VR and completing with cutting out, handling and assembling. 

There are four scenarios (or application fields) for Business Models in the areas of B2B and B2C that can 
use a DTMF in order to cope with the challenges and yield profit. Therefore, the positive effects on the 
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scenarios are indicated and assigned to each of them as well as the dimensions of sustainability. The demand 
of customers for personalised products with high quality leads to the most noticeable application, the 
individualization that can be answered by fast local value chains as well as by organizational structures that 
create new opportunities through end-to-end digitalization. Besides individualization of products (in small 
lot sizes), there are other promising applications and Business Models for sampling, reordering and event-
driven as well as locally centred production, which benefit in the same way from digitally networked end-
to-end digital design and production processes. Different settings of DTMF match the presented Business 
Models. 

As an integrated and local production site the DTMF offers a fast (reducing the time to market), flexible and 
sustainable answer, especially for the fashion and clothing industry. But it has to be adapted according to the 
Business Models and settings with regard to the specific external conditions (product requirements and 
dominant market mechanisms, such as trends, competition, demand and delay effects), as well as the internal 
design fields (like setting of the DTMF, number of machines per value-added stage the dimensioning, 
personnel requirements) and their mutual influences in order to reach out for the greatest possible economic 
and sustainable success. 
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Abstract 

The manufacturing industry is in the midst of a digital transformation. As part of the increasing internal and 

external integration of manufacturing companies, ever more significant volumes of data are being exchanged 

in order to meet the challenges of a globalized production world. The European initiative Gaia-X aims to 

establish a federal data infrastructure based on European law to ensure data sovereignty in the resulting 

digital value creation ecosystems. Under the conditions thus created, it will be possible for manufacturing 

companies to develop entirely new business models. Within the scope of these business models, the benefit 

of data sharing in the sense of added value will come into focus.  

The following paper presents opportunities for the development of disruptive digital business models for 

manufacturing companies in the context of Gaia-X. The paper focuses on how data sharing can be used to 

create value. Furthermore, it highlights how the transition from technological use case to monetizable value 

creation can be made with data-based, digital business models in the context of Gaia-X. Finally, the state of 

work in business model development in the Gaia-X project EuProGigant is presented for discussion and 

exemplified by two use cases. 

Keywords 

Digitization; Business Models; Gaia-X; Production Technology 

1. Introduction

The industrial sector is currently in the midst of a fundamental digital transformation. In the last 12 years, 

the amount of data generated worldwide almost increased by fifty, and progressive growth is expected in the 

coming years as well [1]. Manufacturing companies support this increase by constantly driving forward the 

digitization of their products and processes. Due to the advancing use of sensors and increasing connectivity 

of machines and systems, information availability continues to rise [2]. In this context, digital, data-based 

business models represent an essential foundation for generating benefits from the data acquired. A platform-

based exchange of data across locations and company boundaries becomes increasingly important as a key 

benefit driver [3]. However, the spread of such platform-based business models is very limited. Many 

potential players are not willing to participate out of fear of losing their data sovereignty [4]. The European 

initiative Gaia-X, launched in 2019, addresses this challenge by establishing a federated data infrastructure 

to ensure data sovereignty based on the European legal situation. Gaia-X's decentralized approach aims to 

aggregate the heterogeneous infrastructures of different actors into a homogeneous system. Those systems 

are named ecosystems or data space and are characterized by technology, business and legal [5]. In this 

context, the idea of open source is of high priority. Especially smaller companies can also benefit from the 

development. Trust is established through transparency of code, contract and verifiable identities and 

credentials. Furthermore, various instances are networked via open interfaces and standards to optimize the 
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linkage of data sources and sinks. This intends to increase the sovereignty of customers of platform-based 

business models and the scalability, interlinkage and competitive position of their providers [6]. 

Research on platform-based business models in industrial production and the accompanying empowerment 

of companies is still in its infancy [3]. The same applies to the development efforts on building data 

infrastructure in the Gaia-X context. Among other things, parties involved are intensively working on 

designing the underlying architecture in numerous working groups. Accordingly, the overall requirements 

for corresponding data-based business models continue to change. The following remarks reveal future 

possibilities of platform-based business models within Gaia-X. First of all, this paper addresses the concept 

of platform-based business models. Subsequently, it presents a possible procedure for the structured 

development of decentralized, multi-platform-based business models in the context of Gaia-X. Thus, the 

current work on developing use cases and business models in the EuProGigant project is addressed and 

exemplified by two use cases. Due to the early stage of the project and the limited scope of the paper, the 

application is focused on the initial area of solution development. 

2. State of the Art 

A business model captures value and generates profitable outcomes through applying a particular 

technology. A business model is a connecting link between technology and its economic value characterized 

by the three complementary dimensions of value generation, value proposition and revenue structure [7]. 

The value proposition dimension depicts the benefits a company offers its customers with a particular 

product or service. The value generation dimension captures central processes and competencies required to 

implement the business model and fulfil the value proposition. Finally, the revenue structure dimension 

describes the composition of cost and revenue mechanisms and the resulting value generated from the 

business [8].  

Data-driven, digital business models represent a specific form and have a customer-oriented, service-driven 

value generation based on data and a full digitalized implementation [9]. Concerning value generation, a 

data value chain significantly shapes the interactions in such a business model's ecosystem [10]. The data 

thus utilized can be obtained from various internal and external data sources [11]. In the manufacturing field, 

data often originates from using products such as machine tools. This is not least due to the ongoing transition 

from physical products to product-service systems and software-as-a-service models, as the significance of 

dematerialized value increases continuously [12]. There is also an adjustment in the profile of the players 

involved in a data-driven business model — the three essential roles of data user, data supplier and data 

enabler—the three essential roles of data user, data supplier and data enabler [13]. The data user utilizes the 

data resources available to him in order to create and realize value. The value creation can focus on internal 

and external value creation (optimization of internal process vs sale of products). The data supplier or data 

enabler supports the data user in his activities. A data provider ensures a supply of context-specific, relevant 

data. In contrast, a data enabler provides supporting data services or data infrastructure solutions [13,14]. 

The interaction of these players is not characterized by one-off or sporadic interactions but by reoccurring 

and regular ones. Accordingly, there is also a change in the revenue structure to reflect this transformation 

of service exchange. Thus, the trend is toward repetitive transactions in data-based service bundles. This 

trend includes subscriptions, key figure-oriented billing (e.g., payment per component produced) or profit-

sharing (e.g., participation in savings achieved through using a product). Likewise, compensation models 

are conceivable in which payment is made through the provision of data [15].  

Platform-based business models pick up on this aspect of a transformation in exchanging goods and services 

and drive it further. Their goal is to reach a more significant number of different participants and facilitate 

interactions between them [16]. In the business-to-consumer sector, such digital platforms are already 

widespread. A fundamental distinction can be made between three types of platforms: aggregation, social 

584



 

 

and mobilization platforms. Aggregation platforms merge a wide range of relevant resources. They help a 

user connect to the resources he needs, making them highly transactional and task-oriented. The most 

common examples of this form are broker platforms like eBay and Amazon. Aggregation platforms often 

operate according to the hub-and-spoke principle, in which a platform owner mediates all transactions. Social 

platforms aggregate users and support engagement among those with common interests. The most common 

examples of this form are social media platforms like Facebook or Twitter. Social platforms mainly foster 

networks without the involvement of an organiser or owner.  

Lastly, mobilization platforms get users to collaborate to achieve common goals. Long-term relationships 

are targeted instead of completing short-term transactions or tasks. Mobilization platforms connect users in 

extended business processes, such as delivery networks or sales operations. Well-known examples of this 

are the global supply chain platform Li & Fung or Linux and Apache software platforms [17]. In the context 

of production, aggregation and mobilization platforms are in focus. In terms of data processing, these two 

concepts enable capturing financial value from data assets. The data provider and the platform provider can 

achieve a corresponding monetization. Thus, such platforms position themselves as a central interface 

between data user, data supplier and data enabler within a cross-process value network [4]. Although the 

spread of platform-based B2B business models in production is still in its infancy, the first corresponding 

offerings are already on the market [4]. However, these are essentially proprietary applications from machine 

manufacturers for company- or lifecycle-phase-specific applications. This contrasts with the openness and 

trustworthiness of digital platforms as a decisive success factor, as the Gaia-X initiative aims [18]. 

3. Methodology 

The following section addresses how the transition from technological use case to monetizable value creation 

can be performed within Gaia-X. To this end, the approach to business model development pursued in the 

EuProGigant project is depicted. The project is a German-Austrian cooperation, which was selected by the 

Gaia-X initiative as a lighthouse project in the production environment. The presented approach emerges 

from process models and methods of business model innovation and data science (see Figure 1).  

Successful implementation of data-based business models for production requires a systematic and 

structured process [19]. Concerning the underlying data-based applications, numerous process models exist 

in the literature. Most of them originate from the field of data mining [20]. Well-known approaches in this 

field include the Cross-Industry Standard Process for Data Mining (CRISP-DM), the Sample, Explore, 

Modify, Model, Assess (SEMMA) and the Knowledge Discovery in Databases (KDD) [21]. A deeper 

analysis of the models in terms of their suitability for the manufacturing industry reveals numerous 

shortcomings. These prevent a practical and holistic application in such a domain. Among the main criticisms 

are a lacking possibility of problem selection and a missing consideration of specific requirements from 

production environments [22].  

In order to address these shortcomings, Biegel et al. [22,19] introduced their own Artificial Intelligence 

Management Model for the Manufacturing Industry (AIMM). Although the model has its bases on artificial 

intelligence, the approach can also be adapted to the area of platform-based business models. This work then 

further utilizes the AIMM as a general framework for business model development. In the course of expert 

workshops in EuProGigant, the model was adapted in broad areas to the already known framework 

conditions of Gaia-X. This includes, among other things, necessary criteria and building blocks that enable 

the implementation of business models with Gaia-X. 

The process model is funneled and starts with potential problems, subsequently transformed into an 

application (see Figure 1). The approach has three phases: problem selection, solution design and solution 

development. In the initial phase of problem selection, the project team first identifies and evaluates relevant 
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problems from the production environment. These are then compared in terms of their complexity as well as 

relevance and their Gaia-X fit is checked. Promising approaches are selected for further work in the solution 

design phase. In this phase, the approaches are developed into business models from a holistic perspective. 

Further, they are evaluated in terms of their technical, organizational and economic feasibility. In the final 

solution development phase, the elaborated concepts are finally realized, tested and implemented in a 

development project. A significant difference between the process phases results from the availability of 

relevant information and the present degree of uncertainty. At the beginning of the process, there is only a 

low level of information and, at the same time, a high degree of uncertainty. This relationship is reversed as 

the process progresses [23]. The approach is further designed to fail quickly in the case of an unpromising 

endeavor. This considers that, particularly at the beginning of an application development process, the efforts 

incurred are still low. At the same time, a strong influence can be exerted on the future cost-benefit ratio in 

later phases of development and utilization [24]. Therefore, the process enforces to evaluate if a business 

case is technically, organizationally, financially and legally – e.g., in terms of data sovereignty – feasible. If 

an approach drops out, the process can be revisited with a different problem. Otherwise, the solution design 

can be adjusted accordingly. In this way, the waste of entrepreneurial resources is prevented at an early stage 

[22]. 

 

Figure 1: EuProGigant business model development process in accordance with [22,25] 

In addition to the evaluation mentioned above within dropout gates, the approach also integrates tools from 

business model innovation. These are applied in particular in the solution design phase. One of the tools used 

in this phase of the process model is the Business Model Canvas (BMC) by Osterwalder and Pigneur. The 

BMC is a framework for visualizing and structuring business models. It is used to generate initial business 

ideas and creates a holistic overview of business model components. Based on the already presented areas 

of a business model, the BMC divides them into a total of nine segments, namely: key partners, key activities, 

key resources, value proposition, customer relation, channels, customer segments, cost structure and revenue 

streams [25]. The advantage of the BMC is the ability to present a business model in a holistic and clear way 

and thus to identify possible dependencies. In addition, a uniform understanding of the significance of 

individual components of the business model can be generated in a project team [26]. One drawback of the 

model for application to data-based business models is its high degree of generality. Metelskaia et al. [27] 

address this shortcoming in their extension of the BMC. Based on a comparison of existing approaches to 

combining business models and data analysis, they specify possible contents of the canvas elements. For 

example, the key partners are supplemented by IT and data science companies and the revenue streams 

include novel approaches like Pay-per-X. These specifications make it easier for inexperienced users to 

create their own approaches with the help of the BMC. 
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4. Application 

In this section, the current work on developing use cases and business models in the EuProGigant project is 

presented and exemplified in two use cases. Compared to an application in a real industrial environment, 

there is a significant difference when applied to a research project: Whereas in industry one often must 

choose between working on different problems arising from one's own company or from customer 

requirements, the problem in a research project is usually already defined in advance. For this reason, it was 

decided not to apply the methods from the Problem Selection phase. Furthermore, due to the early stage of 

the project and the limited scope of the paper, the application is focused on the initial area of solution 

development. For this purpose, the use case is first described, and then the BMC is applied. The two use 

cases shown are the ideal component matching and the validation platform. The results presented were 

developed within interdisciplinary workshops with the project participants. In both cases, domain experts, 

data scientists, as well as software and electronics developers were among the participants. 

4.1 Ideal Component Matching 

The assembly of modules (e.g., a shaft-hub connection) combines individual parts from various sources. 

Typically, some of these components are manufactured in-house by machining companies, and the rest of 

the parts are sourced from different suppliers. Due to stochastic variations in each company's 

manufacturing environment, the actual geometries of the components generally deviate slightly from the 

specifications. Limits are set for combination tolerances of the assembly and allowable deviations of 

individual parts. Specially manufactured components compensate deviations of a sum tolerance. The 

solution involves the use of sensory tools and workpiece clamping devices. The data is processed using 

artificial intelligence methods. In this way, the identification of statistical correlation between component 

dimensions and processes is enabled. This allows manufacturers to improve the quality of their assemblies 

and produce targeted matching components as needed.  

In the EuProGigant project, the novel concept is being tested on a machine tool spindle. Two project partners 

manufacture the two relevant components in the spindle housing and the spindle rotor at different locations. 

One reason why the machine tool spindle is suitable for the concept is that it is a higher-value component 

that accounts for a relevant proportion of the total cost of the end product. In addition, the spindle is essential 

for the manufacturing accuracy and thus for the quality of the components manufactured on a machine tool 

[28]. Therefore, there are high requirements for the manufacturing accuracies of the housing and the rotor. 

The same applies to the fitment accuracy and the concentricity of the resulting assembly. The concept of 

ideal component matching in EuProGigant is shown in Figure 2. The concept is only possible by the close 

Figure 2: Concept of ideal component matching for a machine tool spindle 
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interaction of data supplier, data enabler and data user. In this process, manufacturer A produces the spindle 

housing according to the tolerance specifications. The captured data - including actual deviations - is then 

digitized and contextualized via the middleware and stored in the data storage. The stored data are uniquely 

assigned to each produced component. With the available data, manufacturer B can identify the ideal 

counterpart to the spindle rotors it manufactures. In this process, the component data for component matching 

is merged via the middleware and ideal pairs of spindle and rotor are identified. The result in the form of a 

classification into modules is finally stored in the data storage. Manufacturer B can then plan its component 

assembly based on this information. Furthermore, manufacturer B can produce a matching spindle rotor 

based on this data if no corresponding counterpart is available.  

Figure 3 shows the application of the BMC. A central value proposition of the ideal component matching is 

a significant reduction in non-value-adding tasks. Another value proposition is a higher resource efficiency 

due to fewer rejected parts. This value proposition is made possible through a trustworthy data transfer within 

Gaia-X. The concept eliminates the need for a direct sequence of final goods inspection at the supplier and 

incoming goods inspection at the customer. Instead, the customer receives trustworthy component 

information directly from the supplier's final inspection. Furthermore, it enables creating time flexibility 

potentials in cross-company value chains. Thus, the sustainable value contribution for the stakeholders of 

the use case ideal component matching lies primarily in an increased speed of value creation. Through a 

resulting reduction in assembly time, a possible productivity increase of 10% can be achieved in case of the 

machine tool spindle. The data provider - in other words, the component supplier - and the data enabler - in 

other words, the infrastructure provider - can be remunerated for this added benefit to the data user within a 

revenue model. The pricing can thereby be aligned with the expected cost savings per assembled component. 

In the use case, the payment is made per purchased component for which the matching data was provided 

during the handover. In this case, billing can take place at regular intervals. This takes the high number of 

individual contacts and thus transactions into account. Data providers and enablers thus can cover their costs 

for operating the digital infrastructure and collecting trusted data. Accordingly, they can obtain a profit 

opportunity as an incentive to participate in the business model. 

 

Figure 3: BMC applied on the ideal component matching 
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4.2 Validation Platform 

Predictive maintenance in production promises to reduce maintenance costs and the number of unplanned 

machine downtimes. On the one hand, this can improve economic efficiency. On the other hand, it can 

increase the availability of machines and systems [29]. Many companies have already recognized the 

potential of this technology, but they often fail to implement it practically [30]. Predictive maintenance is 

based on mathematical models, which often originate from machine learning. These models use as input 

sensor data from machine components both for its training and operation. Especially models that are 

supposed to predict the remaining lifetime of components depend on a broad basis of historical data for a 

reliable output [31]. However, especially in the case of components that bear a high proportion of the cost 

of a machine – such as a machine tool spindle – it can be assumed that long-term recording of data on several, 

comparable machines is necessary to provide data records of degradation and wear events in sufficient 

quantity [32]. In particular, small and medium-sized enterprises have problems with the provision of 

corresponding data sets. One of the reasons for this is that they often only have access to historical data sets 

that are not very comprehensive or of insufficient quality [33]. In addition, they often have heterogeneous 

machine fleets that make collecting data on similar machines and their components even more difficult. The 

use of a validation platform enables monitoring machines and assemblies for companies without an extensive 

database. Collaborative and predictive maintenance of machines and their components can thus be enabled 

due to different companies' shared use of data.  

The EuProGigant project tests the concept of a validation platform on several similar machine tools. These 

are located at various sites of different production companies. The concept of the validation platform in 

EuProGigant can be seen in Figure 4. As in the case of the ideal component matching example, it can be 

seen here that the approach is only made possible by the close interaction of data suppliers, data enablers 

and data users. Here, the machine operator and the maintenance engineer simultaneously act as data suppliers 

and data users. During the operation and maintenance of the machine, both actors generate condition-relevant 

data, which is stored by the storage provider. The analytics provider can in turn use this data to train and 

operate its provided condition monitoring model. Thereby the machine tool OEM determines by registration 

of the machine, which reference data set of similar machine can be used. Based on the results of the condition 

monitoring model, the machine operator receives an assessment of the machine condition via the platform. 

Furthermore, the maintainer is informed as soon as the remaining service life of a component falls below a 

Figure 4: Concept of validation platform for machine tools 
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threshold value. Both actors then return feedback regarding the observed condition to the platform. This 

feedback can in turn be used to improve the condition monitoring model. The machine tool OEM, the storage 

provider and the analytics provider thus assume the roles of data enablers. 

Figure 5 shows the application of the BMC. The validation platform has several complementary value 

propositions. On the one hand, it enables companies with a heterogeneous machine park to apply predictive 

maintenance for a more significant part of their machines. Thus, it leverages the potential already presented. 

Furthermore, it is possible to build up an adequate database more quickly and thus reduce the start-up phases 

of corresponding solutions. Finally, the prediction accuracy of the models can be improved by a broader data 

basis with actual process data from machine operation.  

A Gaia-X-compliant platform enables trustworthy data transfer and merges data streams from different 

companies. This ensures that only authorized players can access the data and that there is no leakage of 

intellectual property over the data from machine usage. The data enablers - i.e., the machine tool OEM, the 

storage provider and the analytics provider - can generate new cash flows via an appropriate revenue model 

in return for the added value of the data user. Due to the continuous provision of services, a subscription 

model is recommended. In the context of the use case, it is intended that payment will be made per connected 

machine or component. Tiered pricing is also considered a possible model if several machines are connected. 

This pricing can be based on the expected cost savings due to an enabled or improved predictive maintenance 

use.  

Furthermore, the machine tool OEM can use the data to optimize its own products and product-service 

offerings. In return, a part of the payments could be compensated by this benefit. Through the revenue 

streams thus realized, the data enablers have the opportunity to cover their costs of operating the digital 

infrastructure and developing and maintaining the predictive models. Ultimately they receive a profit 

opportunity as an incentive to participate in the business model. 

 

 

Figure 5: BMC applied on the validation platform 
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5. Conclusion and Future Research 

This paper presents a possible methodological approach for developing digital, platform-based business 

models in the context of Gaia-X. First, fundamental properties of data-driven, platform-based business 

models were discussed and then a process model was derived. The presented approach and the tools 

contained therein are practically applied in the context of the Austrian-German lead project for Gaia-X in 

the manufacturing industry called EuProGigant. Two of the business models considered in the project were 

finally presented and captured in a BMC, which was utilized in the solution design phase of the project. A 

key insight from the presentation of the two use cases is that the utility value of a common data infrastructure 

does not only lie in the direct selling and buying of data and services. It is instead in the saving of value-

destroying sections of process chains. These, in turn, open up time-transparent flexibility potential and thus 

strengthen resilience in the network. 

In the considerations made in the context of this paper, it should be noted that the contents presented provide 

an initial outlook on the future possibilities of platform-based business models within Gaia-X. The Gaia-X 

initiative and the lighthouse project EuProGigant, are still in their infancy and are currently characterized by 

high development dynamics. Once the Gaia-X community has created a robust framework, the business 

models' technical details can be further refined. Thus, the presented process model shall be regarded as a 

working status. It will be continuously adapted by the progress of the project and optimized and extended 

with regard to the knowledge gained. Furthermore, the approaches to business model development must be 

further tested, and their technical feasibility must be confirmed. In the course of this, the evaluation methods 

outlined can also be used to assess the economic viability of the business models. Adjustments can be made 

as part of an iterative improvement process if necessary. Lastly, only one section of the process model, 

namely solution development with the BMC, was considered in the context of the paper. The aim of further 

work and publications in the project should be to apply and evaluate the tools of the other phases in practice 

as well. 
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Abstract 

The Digital Twin (DT), including its sub-categories Digital Model (DM) and Digital Shadow (DS), is a 
promising concept in the context of Smart Manufacturing and Industry 4.0. With ongoing maturation of its 
fundamental technologies like Simulation, Internet of Things (IoT), Cyber-Physical Systems (CPS), 
Artificial Intelligence (AI) and Big Data, DT has experienced a substantial increase in scholarly publications 
and industrial applications. According to academia, DT is considered as an ultra-realistic, high-fidelity 
virtual model of a physical entity, mirroring all of its properties most accurately. Furthermore, the DT is 
capable of altering this physical entity based on virtual modifications. Fidelity thereby refers to the number 
of parameters, their accuracy and level of abstraction. In practice, it is questionable whether the highest 
fidelity is required to achieve desired benefits. A literary analysis of 77 recent DT application articles reveals 
that there is currently no structured method supporting scholars and practitioners by elaborating appropriate 
fidelity levels. Hence, this article proposes the Digital Twin Fidelity Requirements Model (DT-FRM) as a 
possible solution. It has been developed by using concepts from Design Science Research methodology. 
Based on an initial problem definition, DT-FRM guides through problem breakdown, identifying problem 
centric dependent target variables (1), deriving (2) and prioritizing underlying independent variables (3), and 
defining the required fidelity level for each variable (4). This way, DT-FRM enables its users to efficiently 
solve their initial problem while minimizing DT implementation and recurring costs. It is shown that 
assessing the appropriate level of DT fidelity is crucial to realize benefits and reduce implementation 
complexity in manufacturing. 

Keywords 

Digital Twin; Virtual Twin; Fidelity; Requirements; Benefits; Value; Digital Shadow; Industry 4.0 

1. Introduction

Industrial manufacturing is becoming increasingly individual and complex [1]. Organizations must become 
more agile to satisfy changing customer needs faster and better. In today's globalized economy, they are 
under constant pressure to improve their performance [2]. One way to meet the increasing competitiveness 
is digitalization [3]. In the context of Smart Factory and Industry 4.0, there is a wide range of technologies 
that can be used for this purpose [4], [5]. One of the promising concepts is the Digital Twin (DT). In recent 
years, the number of scientific publications on the subject has increased exponentially [6]–[8]. At the same 
time, many companies, especially large corporations, are launching initiatives to explore the potential of 
DTs [9]–[12]. Despite this attention, the definition of DT remains controversial. The large number of 
publications has resulted in a multitude of definitions, each with its own specifics [13]–[16]. Their 
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understanding differs significantly, depending on the industry, use case, and context. The most accepted 
definitions are from [17]1, who first established the Digital Twin concept, and [18]2. The term DT is often 
used to profit from the hype [19] surrounding the concept. Claimed implementations are very often just 
Digital Models (DM) or Digital Shadows (DS), which, based on [15], merely represent subcategories of DT. 
Additionally, the value added by DTs is commonly unclear and intangible [5], [7], [13], [20]. This prevents 
the unbiased assessment of investments into DT technology and leads to a lack of acceptance within 
organizations. If organizations are still willing to invest, they often introduce such technology as an end in 
itself, with no strategy beyond demonstration [21]. 

One of the reasons why DT economic benefits are difficult to grasp is that the necessary fidelity seems not 
to be sufficiently considered. According to [7], fidelity indicates “the number of parameters, their accuracy, 
and level of abstraction”. In line with most academic definitions, it is assumed that DTs have to replicate the 
physical world as realistically as possible, i.e., in high-fidelity [18], [22]–[29]. Thereby, the DT benefits from 
the rapid technological progress of closely related technologies, such as Simulation, Internet of Things (IoT), 
Cyber-Physical Systems (CPS), Artificial Intelligence (AI) and Big Data [4], [6], [30]. In practice, however, 
organizations focus on achieving improvements with minimum effort. Therefore, it is questionable whether 
it is mandatory to create all-encompassing DTs [7], [31]. In Simulation, which is a core technique of DT [8], 
[32], focusing on relevant system elements instead of mapping all of its properties, behaviors and states is 
preferred [33], [34]. In fact, lower fidelity equals less cost compared to high-fidelity [31], [35]. Currently, 
there is no approach to bridge this gap between academic definitions and practical requirements with regard 
to DT fidelity. For this reason, the Digital Twin Fidelity Requirements Model (DT-FRM) is presented in this 
paper. The following sections are structured as follows: Section 2 includes a literary analysis of articles 
describing DT applications, Section 3 first puts the research question into a broader context and then explains 
the DT-FRM in detail, and Section 4 summarizes the research findings and discusses implications for 
scholars and practitioners. 

2. Literary Analysis 

A literary analysis was conducted to examine current DT literature regarding its implementation procedure, 
investigating whether the identified articles describe structured implementation procedures. The analysis 
focused on how fidelity is considered in scholarly described DT applications. 

2.1 Methodology 

 
Figure 1: Literature selection process 

 
1 The Digital Twin concept model […] contains three main parts: a) physical products in Real Space, b) virtual products in Virtual Space, and c) the 
connections of data and information that ties the virtual and real products together. 
2 A Digital Twin is an integrated multiphysics, multiscale, probabilistic simulation of an as-built vehicle or system that uses the best available physical 
models, sensor updates, fleet history, etc., to mirror the life of its corresponding flying twin. The Digital Twin is ultra-realistic and may consider one 
or more important and interdependent vehicle systems, including airframe, propulsion and energy storage, life support, avionics, thermal protection, 
etc. 

596



Since there are an extensive number of publications in the field of DT, a two-step approach for finding 
relevant articles of actual DT applications was used. First, recent DT review articles were identified as such 
reviews usually include useful categorizations of DT applications. Second, relevant DT application articles 
were selected from these reviews. The search strings shown in Figure 1 were used to collect all matching 
articles from Web of Science, Scopus and Google Scholar. Figure 1 also visualizes the general literature 
selection process and all applied filters. From Google Scholar, only the first 1000 entries were included. The 
results of all three search engines were merged into one repository and duplicates were removed (F1). In the 
following steps, results were further refined by filtering for relevant titles (F2-F4). 27 review articles 
remained for further analysis. This was done by scanning the articles in question for tables providing 
structured information of considered DT applications. Finally, eight review articles including such tables 
were identified. Table 1 illustrates which application articles were chosen from each review for detailed 
investigation. The column “Selection criteria” refers to the review article’s categorization by which 
application articles were selected. From these reviews, 77 application articles were extracted. They were 
analyzed in detail to what extent they have considered DT fidelity requirements. 

Table 1: Review articles, corresponding application articles and selection criteria 

Review 
articles 

Number of 
articles reviewed 

Selected application 
articles 

Selection criteria 

[16] 26 [36]–[40] Manufacturing context 

[41] 10 [42]–[46] Manufacturing context 

[15] 43 [32], [35], [42], [47]–[56] Level of integration DT or DS & 
type case-study 

[57] 32 [47], [58]–[69] Manufacturing phase 

[6] 39 [58]–[60], [70]–[83] Manufacturing phase 

[84] 52 [61], [74], [85]–[98] Control of real system from DT 

[99] 40 [12], [14], [46], [60], [100]–[107] Application examples (A) 

[108] 12 [109]–[112] Level of integration DT or DS/DT 

Sum (duplicates removed) Σ 85 (77)  

2.2 Results 

In summary, it can be confirmed that the understanding of DT among the authors is very heterogeneous. 
Regardless of this, it was first analyzed whether the DT application articles describe a procedure for creating 
or implementing their DT. Figure 2 shows that 60 articles (78%) do not present any procedure at all. They 
only describe their individual final solution or architecture, e.g. [58], [60], [68], [74], [80], [85], [90], [98], 
[110], but not how it has been achieved. 
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Figure 2: Share of articles describing their DT implementation procedure 

The articles with a description of the procedure can be divided into specific [45], [62], [64], [72], [87], [100]–
[102], [106], [111] and general procedures [37], [46], [66], [67], [69], [78], [88]. A specific procedure is 
explicitly tailored to a particular use case, while a general procedure is also transferable to other similar 
applications. In about two thirds (65%) of the applications described, a structured procedure is recognizable 
that includes certain steps and sequences. Only one single article from the sample considers fidelity within 
its procedure. Although the term fidelity is not used directly, an iterative model evolution procedure exists 
in [67], which adjusts the fidelity step by step to the necessary degree. However, the ultimate goal in [67] is 
also a high-fidelity model. Due to the low consideration of fidelity within the described procedures, it was 
investigated whether fidelity is considered in general within the application articles. Figure 3 illustrates the 
results. 

Figure 3: Share of articles considering fidelity 

Almost two thirds of the articles do not address fidelity at all. 17 articles (22%) [12], [40], [42], [44], [46], 
[54], [60], [65], [67], [69], [69], [74], [83], [83], [90], [102]–[105] share the view that DT should represent 
the physical world in high-fidelity, with most articles referring to the NASA DT definition [18]. The authors 
usually do not question this definition with regard to fidelity. Only a minority of 10 articles (13%) [14], [32], 
[35], [37], [55], [56], [62], [97], [101], [110] mention that a suitable fidelity should be chosen. A dominant 
opinion comes from [32], who clearly mention that an application-specific fidelity should be selected for the 
DT to achieve a desired goal. [55] cite [32] and adopt their view. Moreover, [14], [37], [56] mention that a 
specific level of detail should be considered. 

Nevertheless, the benefits of applying DTs remain unclear in most articles. In [72] the increase in resource 
efficiency is evaluated and quantified. However, they completely neglect the cost of implementing the DT 
and only focus on the positive impact. To achieve economic benefits with the application of DTs, a structured 
approach must be developed that also takes the necessary DT fidelity level into account since fidelity 
significantly drives costs. 
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3. Digital Twin Fidelity

This section first puts the DT-FRM into a broader perspective by highlighting its relevance inside a cost-
benefit analysis. Then the methodology for the development of the DT-FRM is explained. Finally, the DT-
FRM is presented in detail. 

3.1 Cost-Benefit Analysis for Digital Twin Implementation 

The decision whether to implement a DT is a complex task. A cost-benefit analysis [21], [113], [114] must 
be conducted prior to the DT introduction to support an investment decision for or against the use of DT. 
Figure 4 describes such a procedure for a problem centric cost-benefit analysis based on the DT-FRM. All 
individual steps and their connections are briefly described below. This section shall help to increase the 
understanding of how the DT-FRM improves DT implementation decisions. 

Figure 4: Procedure for Digital Twin cost-benefit analysis 

3.1.1 Initial problem definition 

First, an existing problem in production must be identified. Once a Digital Twin is perceived to be a viable 
solution to this problem acknowledged by all stakeholders, an initial problem statement has to be formulated. 
The problem statement is the foundation of the entire project and facilitates common understanding within 
the project team. It should therefore precisely describe what constitutes a problem in the current state of a 
production. 

3.1.2 Digital Twin Fidelity Requirements Model (DT-FRM) 

This article’s main contribution is a structured approach for the elaboration of the required fidelity level for 
a specific DT implementation serving as a solution to the initially described problem. The DT-FRM is 
presented in detail in section 3.2. 

3.1.3 Impacted entities definition 

Following the joint agreement on the problem to be solved by DT implementation, an investigation is needed 
to identify impacted entities. In manufacturing environments, these might be products, processes and 
resources. Every relevant variable identified in the DT-FRM has to correspond to at least one entity. While 
reviewing those entities, the focus always needs to be on the initial problem. 

3.1.4 Current digitization state analysis 

After identifying all entities which are impacted by the initially defined problem, a technological analysis 
must be carried out. The result of such an analysis is a detailed overview of the current state of digitization, 
e.g., data, model or control loop availability. It includes an assessment of all relevant entities for a subsequent
estimate of the technical changes required to introduce a DT.
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3.1.5 Technical deviation analysis 

For each identified entity, the individual deviation between the required fidelity level, which has been 
elaborated within the DT-FRM, and the current state of digitization has to be determined. Some variables 
might already be digitally mapped or even controlled autonomously in current production. For this reason, 
it is necessary to identify gaps while working towards the elaborated level of fidelity. 

3.1.6 Digital Twin implementation cost estimate 

After the necessary changes in production have been identified in the technical deviation analysis, they must 
now be evaluated in terms of additional cost. This is where the individual comparison between actual 
digitization state and required DT fidelity becomes important. The identified deltas give guidance for 
estimating recurring and non-recurring costs to reach the desired target state and achieve initial problem 
solution. 

3.1.7 Digital Twin benefit estimation 

Based on the initial problem defined, benefits have to be estimated. The calculation is carried out 
independently of a specific technical implementation and its costs, purely on the basis of potential savings 
achieved by a still undefined solution. The aim of this analysis is to make an initial statement about the 
savings that can be expected as a result of fully solving the central problem. 

3.1.8 Digital Twin implementation decision 

With necessary changes for DT implementation evaluated financially, a final decision on DT implementation 
must be taken. Therefore, estimated benefits of solving the initial problem are directly compared with 
estimated costs of achieving required fidelity levels. The present value of all cash flows must be calculated 
for determining the overall net present value (NPV). 

3.2 Development of Digital Twin Fidelity Requirements Model (DT-FRM) 

The DT-FRM has been developed by employing concepts taken from the Design Science Research (DSR) 
methodology [115]. DSR has become the leading approach in the development of information systems [116]. 
Since the technologies around DTs are based on such systems, applying DSR seems adequate. Design 
Science comprises two iterative activities: the design cycle and the empirical cycle, which are used for the 
design and investigation of artifacts in different contexts [116]. Artifacts are single solutions to a problem 
within a specific context. Using the DSR template from [116], the research question for design is formulated 
as “How to develop a method that considers appropriate Digital Twin fidelity requirements so that users can 
increase the likelihood of achieving economic benefits by implementing Digital Twins in manufacturing to 
solve existing problems?” In this case, the DT-FRM is the final artifact resulting from several iterations of 
the design cycle. For the development of the DT-FRM, only the design cycle was needed. It includes three 
steps: problem investigation, treatment design and treatment validation [116]. Here, treatment refers to the 
desired interaction of artifact and problem context. The DT-FRM is designed as a universal artifact which 
can be applied to different contexts, i.e. DT application scenarios. Knowledge questions then have to be 
answered around this specific context. Whenever it is intended to implement DTs in manufacturing, DT-
FRM can be used to assist with problem centric fidelity assessment. In the DSR design cycle, validation 
occurs before implementation and is done by predicting the artifacts’ behavior within a given context [116]. 

3.3 Digital Twin Fidelity Requirements Model (DT-FRM) 

This section presents a structured method for the elaboration of fidelity requirements for DTs in production 
environments, called DT-FRM. Employing the DT-FRM is a crucial part of the cost assessment within the 
cost-benefit analysis as higher fidelity is associated with higher costs. Therefore, considering appropriate 
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fidelity levels contributes to achieving economic benefits when applying DTs for problem solving. Based on 
these requirements, an implementation strategy can be derived that provides an efficient solution to the 
problem statement described initially. 

3.3.1 Target variable identification (TV) 

The DT-FRM focuses on the decomposition of the initial problem (Section 3.1.1) into its quantifiable 
components. Therefore, the first step of the DT-FRM is to define target variables (TVs) which are often 
called Key Performance Indicators (KPIs) in practice. TVs are usually a set of KPIs which are already 
regularly calculated for monitoring manufacturing performance. Independent of the number of TVs a 
problem is represented by, the desired direction and magnitude of change for each variable towards the 
problem solution must be defined. In an example, a defined problem might be characterized primarily by 
one single KPI. Then for this TV, it needs to be determined whether an increase or a decrease contributes to 
solving the initial problem and how much the value must change.  

In a problem graph (Figure 5), the TVs represent the first layer. They are called dependent variables, since 
their value is dependent on a variety of other, underlying variables. 

3.3.2 Intermediate (IV) and elementary variable (EV) derivation 

To ensure that the initial problem is comprehensively broken down into its relevant and, in particular, 
influenceable components, the derivation of the TVs must be followed by a detailed examination of their 
calculation basis. This has to be done for each KPI defined as a TV in the previous step. If, for example, the 
initial problem is from the field of machining, a possible TV could be the tool life 𝑇. Typically, the tool life 
results from the theoretical tool life 𝑐!, the cutting speed 𝑣" and the slope of the Taylor line 𝜅. The TV tool 
life is thus dependent on these three underlying variables, which are referred to as intermediate variables 
(IVs) in the DT-FRM. IVs neither serve as a reference to the initial problem, nor can they directly be 
influenced. For complex problems in real manufacturing environments, it is common that the derivation of 
IVs yields multiple layers of interlaced variables. The goal of the decomposition of TVs into their calculation 
basis (IV) is the elaboration of all directly influenceable, fundamental variables. These variables are called 
elementary variables (EV) in the DT-FRM context. They are not based on any underlying variables and are, 
therefore, independent. In the simple example of tool life as a TV, an EV is the rotational speed of a machine, 
which in turn has an effect on the cutting speed (IV) of the machining operation. The EV rotational speed in 
this example can be considered as independent and therefore directly influenced by applying DT technology. 
Finally, an overall picture of the initial problem and its influenceable variables is obtained: all identified EVs 
ultimately result in the TVs defined at the beginning by calculating all IVs. Figure 5 illustrates the 
dependencies of TVs, IVs and EVs for a schematic problem. The use of such problem graphs in complex 
manufacturing scenarios is especially helpful to identify overlapping influences of individual variables and 
to provide a uniform understanding among all stakeholders. 

3.3.3 Elementary variable (EV) prioritization 

The goal of this step is the prioritization of EVs. All EVs must be evaluated according to their 
influenceability and their target contribution. For determining the influenceability, an optimization corridor 
around the current mean value must be defined for each EV. The optimization corridor determines to what 
extent a change in the corresponding EV is estimated to be realistically achievable, based on financial, 
technical or organizational constraints. Financial constraints refer to the costs of influencing the EV, 
technical constraints refer to technological feasibility and organizational constraints are based on the 
structure of the organization aiming to apply DT solutions. Since estimating the boundaries of the 
optimization corridor and defining the mathematical relationships between the variables are highly case-
specific, a certain experience in the problem context is necessary. If this knowledge is not available within  
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Figure 5: Example problem graph with variable breakdown 

the organization, it has to be questioned whether applying DT solutions is effective. Before implementing 
DTs, it is necessary to clearly understand the initial problem and the implementation objectives (Section 
3.1.1). The second step of the prioritization involves conducting a sensitivity analysis to identify target 
contribution. By conducting a sensitivity analysis, the potential impact of each EV change towards the 
problem solution is determined. Minimum and maximum values of the optimization corridor serve as input 
for sensitivity analysis. Ultimately, the EVs which provide the highest influenceability and highest target 
contribution are prioritized within the next steps to minimize required efforts and maximize benefits. EVs 
with low influenceability or low target contribution can be neglected in a first step. Figure 6 illustrates a 
matrix for EV prioritization with different sectors and priorities. 

3.3.4 Elementary variable (EV) fidelity elaboration 

Once the initial problem is broken down into its underlying EVs, the actual DT concept has to be developed. 
DT is commonly considered as an ultra-realistic, high-fidelity virtual model of a physical entity, mirroring 
all of its properties most accurately [13]. 

 
Figure 6: Elementary variables priority matrix 
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Supporting the understanding of what characterizes a comprehensive DT, we concurrently question whether 
all EVs actually have to receive such treatment in reality. The DT fidelity required for a variable to support 
target contribution is highly context dependent. Therefore, the DT-FRM proposes a different approach to 
put DT technology into beneficial use in industrial applications. Starting with priority I EVs, the individual 
variables are assessed for their required fidelity to support TV adjustment towards problem solution. 
Generally sharing the understanding of [7] in terms of fidelity, the DT-FRM introduces two overall 
dimensions which are used to determine DT fidelity requirements: level of integration (1) and fidelity (2). 
Since the meaning of concepts around fidelity like abstraction, accuracy, granularity, precision, etc., is very 
similar but not identical [117], this article additionally defines three sub-dimensions of fidelity.  

The first overall dimension is the level of integration. [15] defines the three different DT levels of integration: 
modeling, shadowing and twinning. Modeling refers to manual data exchange from physical to virtual (P2V) 
and virtual to physical (V2P). Shadowing describes P2V as fully automatic with V2P still being manual. 
Twinning is then understood as automatic P2V with the feedback loop V2P being automatic as well. For 
every EV incorporated into a DT application, the level of integration has to be defined. If the variable needs 
to be monitored autonomously and digital control is required to alter its value in terms of target contribution, 
the level of integration to implement is twinning. If monitoring is required but no automatic control is needed, 
the level of integration is shadowing. If none is the case, modeling is sufficient for the particular variable. 
The second overall dimension is fidelity, which consists of three sub-dimensions: tolerance (1), frequency 
(2) and latency (3). For each EV, the technical tolerance for measuring and, in the case of twinning, for 
control needs to be determined. The tolerance defines how precisely a value needs to be monitored or altered 
to achieve target contribution. Furthermore, the frequency needed for data exchange between the DTs 
physical and virtual space needs to be considered. Frequency thereby is regarded as how often data is 
transferred during a given time interval. The third sub-dimension is latency. Latency describes the amount 
of time data needs to reach its destination, which is also known as delay. Instead of using scarce financial 
resources to reach out for maximum fidelity, it must be carefully evaluated which minimum level is required 
to secure the respective variables’ target contribution. Otherwise, over-engineering fidelity leads to excess 
costs, which must be avoided. Thus, not all EVs require high-fidelity twinning. After the level of integration 
and the DT fidelity are elaborated for all relevant variables, the EVs can be numbered and plotted into a DT 
fidelity requirements matrix. Figure 7 gives a basic example of such a matrix. By utilizing such matrices, the 
overall complexity of proposed DT solutions to different problems can be visualized. The higher the level 
of integration and fidelity, the higher the estimated costs for implementing the DT. 

 
Figure 7: Digital Twin fidelity requirements matrix with example elementary variables 
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4. Results and Discussion

In today’s complex manufacturing environments, organizations face highly competitive pressure and are 
therefore dependent on promising digitalization concepts like Digital Twins. However, the understanding of 
what a DT is and how it can effectively be applied to solve existing problems differs among organizations. 
According to most academic definitions, the fidelity of the virtual models replicating the physical world 
must be as high as possible, whereas in practice this is not always feasible. Literary analysis of 77 scientific 
papers describing DT applications in manufacturing has revealed a lack of conceptual basis and guidelines 
for structured implementation of DTs. This hinders the applicability of DTs in different domains. Even if 
structured procedures have been described, they tend to be specific and not transferable. Additionally, DT 
fidelity has not been considered in most application articles. The majority have been found to support 
academia’s common understanding of targeting high-fidelity. Contrary, this article presented the Digital 
Twin Fidelity Requirements Model (DT-FRM) as part of a cost-benefit analysis for DT implementation 
decisions. The DT-FRM aims at securing economic benefits when applying DT technology to exploit 
existing improvement potentials in production environments. Despite questioning the focus of most 
academics aiming for high-fidelity models, we do not generally reject the available definitions of DT. 
Instead, we emphasize that elaborating suitable fidelity levels is necessary to maximize benefits by applying 
DTs to existing problems. Since concrete benefits of using DTs are currently still unclear, applying the DT-
FRM to defined problems serves as a good starting point to increase understanding and decrease 
implementation complexity of DTs and its related technologies. The method helps practitioners to estimate 
benefits of DT application while assisting with DT concept development. Nevertheless, we suppose that the 
benefits of applying DTs in the future go beyond merely solving known problems, e.g., by unveiling hidden 
improvement potentials and enabling new business models. Iteratively increasing fidelity during the lifetime 
of the DT might be a solution to exploit its full potential while still considering appropriate fidelity levels. 
Future research should address the application of the DT-FRM to real manufacturing scenarios to confirm 
its necessity and validity. Additionally, it should be investigated which other factors besides fidelity 
influence costs for DT implementation. 
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Abstract 

Technology management can significantly influence the strategic decisions of a company and thus cause 
success or failure. Basic templates for technology management are technology radars as well as the 
determination of the technology readiness level (TRL) to be able to evaluate the maturity of newly deployed 
technologies (e.g., newcomer vs. established). The radars, as well as the TRL, are identified in time-
consuming, manual research by subject matter experts from external consultancies. This process is often 
repeated due to the further development and new development of technologies so that the necessary research 
becomes an ongoing task. The TechRad research project, therefore, aims to automate the identification of 
the TRL as well as technology radars using web crawling and Natural Language Processing (NLP). To 
commercialize the pre-competitive prototype, the development of a pre-competitive business model is the 
goal of this paper. Based on customer analyses, a target group definition is created. Based on user interviews, 
the precompetitive business model will be detailed in a four-step approach using a business model canvas 
and a value proposition canvas. 

Keywords 

Technology Management; Technology Scouting; Technology Radar; Business Model; Business Model 
Canvas; Value Proposition Canvas 

1. Introduction

1.1 Challenge 

The number of devices using different digital technologies is increasing and will have more than tripled 
compared to today by 2025 [1]. Next to that, the number of new technologies is constantly growing [2]. 
Furthermore, the time until a technology is known to many users is decreasing [3]. It hints that the frequency 
at which both users and companies are exposed to new technologies is rising. Hence, managing technologies 
and innovations is a crucial component for entrepreneurial success as it will ensure a company’s market 
position [4]. Staying ahead of the market and managing the sheer number of technologies available is 
becoming more and more of a challenge for both, large and small enterprises. Being unable to oversee the 
growing technology market endangers companies to lose their market position and may even result in 
bankruptcy. Many popular examples such as Nokia and IBM have unveiled the gravity of identifying the 
right technology trends [5].  

1.2 Solution 

The TechRad research project, therefore, aims to automate the identification of the technology readiness 
level (TRL) as well as technology radars using web crawling and Natural Language Processing (NLP). The 
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solution will improve the technology-scouting process for enterprises, especially SMEs, and assist in 
building sustainable business growth. To commercialize the prototype developed in the research project, this 
paper will develop and discuss a pre-competitive open-source business model. The goal of the paper is to 
enable the commercialization of the prototype either by the project partners or foreign entrepreneurs. 

1.3 Structure of the Paper 

In the beginning, the paper gives a summary of the implemented prototype, business model, and value 
proposition canvas. Afterward the general approach for the derivation of the business model is presented in 
section 3. In section 4 the authors describe the business model and value proposition to commercialize the 
solution. In the end, there will be a discussion of the feasibility of the commercialization of the solution. 

2. Related Work 

The proposed business model relies on a solution that enables automated technology monitoring and 
management. The following paragraph will introduce the solution topics to develop a common understanding 
of the elements used to develop the business model. 

2.1 Autonomous Technology Radar 

The solution comprises the gathering, storage, analysis, and visualization of unstructured text data (see 
Figure 1). 

 
Figure 1: Data Flow of the Solution [6] 

The data for the technology radar and TRL is gathered in both ways through API queries and Web-Crawling. 
Both steps are triggered through search keywords, which are entered by the user. Much information about 
technologies is available through restricted databases (e.g., Wikipedia) which are accessed via API queries. 
The topic that the user wants to research is passed as an argument to the interfaces to retrieve tailored results. 
Thus, the query process resembles an up-scaled, automatic version of using the traditional search function 
on a web page. Next to the API access, an automatic crawler identifies documents from a free web search. 
Here it needs to be assured to access only content in compliance with current laws and authority. Two distinct 
kinds of information streams are extracted from the sources. The metadata of the documents as well as 
information needed to build a crawl index is stored in a permanent database. The full-text versions of the 
documents are managed differently: Due to considerations of storage space and copyright guidelines, 
permanent storage of full-text copies is suboptimal, as it may conflict with copyright laws. After the pre-
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processing step of data analysis, the full copies are discarded, as the necessary information is stored in a 
high-dimensional vectorized form. It is also necessary to reduce the number of acquired documents as soon 
as possible. Spam as well as documents with low credibility are discarded. The vectorized texts undergo an 
analysis step that scores their relevance to the subject and the maturity of the described technology itself. 
The maturity assessment is performed with NLP. The previously trained model calculates the sentiment of 
the data based on the spatial distance to other vectorized text samples. That is, if a document in question has 
similar features to a certain subset of training samples, the resulting spatial distance to these samples will be 
comparatively low and the model will give it a similar maturity score. The features needed for said 
assessment are identified by the machine learning algorithm during the training phase. In the end, the results 
are sent back into the permanent database to aid future related queries. After defining the maturity of the 
technologies and clustering them into groups in a last step, all the necessary information for building the 
diagram of the technology radar is available. Supplementing information to the graphic, e.g., hyperlinks to 
the sources and keywords for further research, finalize the result presented to the user. A second database 
stores the technology radar in a pool of historical searches to accelerate the fulfillment of future requests. 
[6,7] 

2.2 Business Model Canvas 

A business model is a highly simplified and aggregated representation of the relevant activities of a company. 
It explains how the value creation component of a company generates information, products, and/or services. 
In addition to the architecture of value creation, the strategic, as well as the customer and market components, 
are considered to realize the overall goal of generating a competitive advantage. [8] 

The business model canvas (BMC) consists of nine elements and is used to define and document a business 
model [9]: 

− Customer Segments: The definition of market segments and target groups is the core of any 
business model, on which all other elements depend. 

− Value Proposition: The product and its value for the customer must be defined for the respective 
target group. 

− Channels: Communication channels and distribution channels are a prerequisite for customers to 
learn about and purchase the products. 

− Customer Relationships: The customer relationship describes how the business relationships with 
the individual customer groups are structured. 

− Revenue Streams: The goal of every business activity is to generate profit. The revenue streams 
define how revenues are generated. Together with the cost structure, profitability calculations are 
possible. 

− Key Resources: Key resources describe which resources are required to fulfill the value proposition 
and to serve the customers. 

− Key Activities: Key activities describe the main activities and competencies to realize the business 
model. 

− Key Partnerships: In most cases, a company needs partners to successfully implement a business 
model. This section lists, for example, the suppliers needed. 

− Cost Structure: All the costs incurred to realize the business model are compiled and estimated 
here. 
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2.3 Value Proposition Canvas 

The value proposition canvas is divided into the areas of customer needs and value proposition. The areas 
are juxtaposed with each other to show in detail how the value proposition addresses customer needs. A 
value proposition canvas (VPC) is developed for each customer segment that was identified in the BMC. 
Customer needs are captured through three perspectives [10]: 

− Customer jobs: Customer jobs describe tasks and problems that customers want to perform or solve. 
For this purpose, the functional, emotional, and social needs of the customers are considered. 

− Pain points: Pain points are challenges that prevent customers from performing customer jobs or 
solving their problems. 

− Gains: Gains provide information about how the customer feels, how they describe their sense of 
achievement, and what they gain from completing the task. Gains also consider functional, 
emotional, and social aspects. 

After the needs and expectations of the customer group have been described, the value proposition is 
developed against the pains and gains of the customers. Three perspectives are also elaborated for this 
purpose [10]: 

− Products and Services: Products and services are selected functions or performance features that 
support customers in performing tasks and achieving their goals. A distinction is also made between 
functional, social, and emotional aspects. 

− Pain relievers: Pain relievers are the aspects of a product that address and resolve the customer's 
frustrations and problems. 

− Gain Creators: Gain creators are extras that generate additional and unexpected value and 
enthusiasm among customers. 

3. Methodology and research goal 

The overall goal of the underlying research project is to build a prototype to automate the development of 
technology radars. A business model is needed to commercialize the resulting prototype as a productive 
application. Therefore, the focus is set on the development of an open-source business model for the 
automated technology radar. Thus, the applied methodology (see Figure 2) focuses on creating a business 
model utilizing the BMC and VPC based on the results of qualitative data analysis [11]. The required data 
was gathered through expert interviews with potential user groups and the project team. Within the next 
chapter, the derivation of the elements of the business model based on the described approach is explained 
in detail. Afterward, the gap between the business model and prototype is discussed. 

 
Figure 2: Methodology 
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4. Pre-competitive Business Model 

The BMC and the VPC serve as the basis for the precompetitive business model. As a base of information 
customer workshops were performed to obtain the following information. In the context of the TechRad 
project, these models are detailed, and the results are described. 

4.1 Business Model Canvas 

In the following, the nine elements of the BMC are presented (see Figure 3): 

−  Customer Segments: The business is targeted to the following groups of customers. They are 
described by the frequency of use i.e., the number of searches per year. In general, the willingness 
of SMEs to pay is low due to their infrequent use, i.e., they rarely perform the activity of scouting 
from technology management. Whereas large companies with their technology unit show a high 
willingness to pay, as these actively perform monitoring, scouting, and scanning (cf. Customer jobs 
in VPC 4.2). Therefore, the potential for saving time is much higher in larger companies. 
Additionally, technology experts and providers are also addressed with the TechRad platform since 
they can link their expertise on specific technologies to the technology radar. 

− Value Proposition: The gained value is discussed in detail in the VPC (see Figure 4). 
− Customer Relationships: The interaction with potential customers is planned in the platform 

concept with community possibilities. This means that e.g., a forum is provided as an opportunity 
for interaction within the community. Moreover, the generated technology radars will have a contact 
person from the platform team for further problems and questions. After passing through the 
intended use case of the platform, the automated generation of a technology radar, the feedback of 
users is played back for internal optimization. In general, there is a second customer group, 
technology experts, and providers. The interaction with this group is done by additional intermediary 
contracts to act as a broker when customers searching for technologies and get at the same time 
recommendations for these experts and providers 
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Figure 3: Pre-competitive business model canvas for autonomous technology radars 
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− Key activities: The main aspect of the TechRad platform is the distribution of the actual product, 
the automated Technology Radar. However, the required activities also include continuous 
development to increase customer satisfaction. On the one hand, the data basis must be constantly 
expanded, and on the other hand, the algorithms must be maintained and improved. The basis for 
this can be customer feedback and performance indicators of the algorithms. In addition, a 
continuous review of the legal principles is required, as external information from a wide range of 
portals is processed. 

− Key partners: From an internal perspective, key partners are for front-end development (user 
interface), for back-end development (AI algorithms), for technological background knowledge, and 
for legal expertise. External support is provided by portals where technologies and trends are 
discussed. These range from scientific perspectives (e.g., ScienceDirect, ResearchGate) to popular 
scientific publications such as blogs (e.g., TechCrunch, Gartner) to standards and patents (e.g., DIN/ 
ISO). 

− Key resources: Essential resources can be divided into four groups. First, computing capacity is 
required in the project to be able to establish constant topicality. In addition, algorithms are also 
needed for the realization of the project. These include two major AI components, topic modeling 
algorithm (identification of a topic of a document) and technology readiness level algorithm 
(identification of a TRL). Basis of all computations is the documents respectively the data basis, 
which make up the third group. Furthermore, the AI competencies, as well as research competencies 
are relevant for the design of the platform concept. 

− Revenue Stream: In parallel to the customer segments, the level of sales is scaled to the size of the 
company. High revenue is generated by larger companies with frequent use, whereas lower revue is 
generated by less frequent use by SMEs. The profit is generated by new queries for autonomous 
technology radars or the update of existing radars. A pay-per-use [12] model is used for this purpose. 
However, sporadic use is more expensive than frequent use of the platform. The more often a 
company requests a new radar or updates existing radars, the more favorable these requests will be. 
In addition, a new branch is opening through the planned referral commissions to technology experts 
and providers that are associated with the radar. 

− Cost Structure: Ongoing costs are fundamentally made up of the costs for the data. This includes 
partnerships with portals and the costs of API accesses. Secondly, the costs of maintaining the 
infrastructure i.e., server and personnel costs. In addition, there is a further budget for the acquisition 
of new customers needed. 

− Channels: Key partners, as well as customers, are reached via several channels. On the one hand, is 
the online way. A large target group is addressed via blog articles as well as social and display 
advertisements. For support affiliate programs are used. In addition, search engine marketing and 
search engine optimization are used to access a larger audience. As a hybrid way of online and 
offline, community education via conferences is aimed as well as speaking engagements at trade 
shows. Moreover, direct sales are performed by using demos and training. 

4.2 Value Proposition Canvas 

In this section, the VPCs six elements are given. Thereby, the elements are split in the customer profile and 
value map. The VPC shown (see Figure 4) is modeled exemplarily for the customer segment with the highest 
expected revenue. In this case, these are large enterprises with frequent use of the platform. 

617



Figure 4: Value Proposition Canvas for the customer segment of large enterprises 

Customer Needs: 

− Customer jobs: Customers generally want to validate their trend analyses in the context of
technologies. There are three main jobs that must get done that are part of the technology
management processes. First, there is technology scanning. This job aims to discover new
technology trends. The target image is broadly diversified where the whole market is scanned to
early identify new technologies. Thereby, in the business context competing technologies from the
perspective of a company are identifiable. Second, there is technology monitoring. This job covers
monitoring specific technologies to track their evolution. It aims at the one hand to determine the
right time to use a technology, on the other hand it is used to observe concrete technologies from
competitors. Third, there is technology scouting which is used to point out a suitable technology for
a specific use case. In other words, it performs a detailed search for predefined criteria. On this base,
it can be checked whether technology is appropriated for a purpose. Besides, all gathered results
should be manageable and individualizable from a single source.

− Pains: When performing the given jobs manually, customers are facing barriers. On the one hand,
they reach the limits of their language capabilities. These are comprehension problems caused by
foreign languages paired with specialist domain language, for example in patents. Moreover,
technology management is recurring and time-consuming work. If you don't know where and how
to look up and start, it costs even more time. However, missing technology expertise, in general,
leads to the problem of not knowing whether one's status quo in the company also corresponds to
the state of the art. It is therefore unclear which technology must be used to hold one's own against
competitors on the market. This is how the experience gap arises when a solution is already in use,
but the company is not satisfied with it and does not know what alternatives are available.

− Gains: The aspects of quick evaluations of the results, which are provided recurrently and
continuously, predominate the gains since technology management in general needs a lot of
resources (personnel as well as experience). Therefore, a major gain is to facilitate easier access to
these results to enable a simple and fast overview of technologies. Moreover, these intense resources
cause human errors which must be reduced because every TRL assessment is manually performed
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and leads to a summation of errors. This implies the need for a quality seal when results are gathered 
to ensure trust in the results. 

Value Proposition: 

− Products & Services: The focus of the platform is on the identification and comparison of
technologies. The automated generation of technology radars is mainly used for this purpose. The
automated identification of TRLs is also fundamental to be able to generate individual radars with
any technology. For each technology, profiles are generated in any language to make foreign
languages and domain language understandable. In addition, the user experience is enhanced with
additional functions. Personal comments are possible for each individually generated radar. The
generated radars can be saved and opened again. Also, suggestions are given to already generated
radars from the community, which could fit personal preferences. Moreover, special references can
be white and blacklisted to customize the automated rating processes. Technologies can also be
compared in pairs. In addition, subscription or newsletter functions are available to send emails or
customized notifications in the event of changes in trends or technology. Next to the comparison of
technologies, the product provides the possibility to display technology experts in the radar and
supports the establishment of contact with them.

− Pain Relievers: The following problems are addressed by the TechRad platform. First, it reduces
the time required for technology management, especially research. This is achieved by automatically
crawling the internet for sources and interpreting them in the same way to present domain language
and foreign languages in a comprehensible way. Furthermore, human errors in the interpretation of
these results are reduced, as the identification of a TRL is automated by a standardized process.
Overall, quick, and easy access to technology research and its results is offered, making the current
state of the art and technology trends transparent.

− Gain Creators: The added value of the product is created by automating the previously manual
processes, which are time-consuming and require experience. Software packages for technology
management already exist to generate technology radars, but the evaluation of the technologies is
still the responsibility of the user. Therefore, alternative products are outperformed by TechRad,
since no continuous and automated TRL determination exists yet and TechRad enables this.
Similarly, there are no summarized technology profiles, which are generated by TechRad in basic
language. All information is based on a variety of references, so a wide database exists. Conversely,
these sources can also be viewed in the technology radar to enable the traceability of the TRL
assessment. In conclusion, information extraction is automated and brought to the users in the broad
masses cost-effectively and understandable for everyone without increased effort.

5. Discussion

The business model is based on the assumption that the results of the technology radar are of high quality. 
That means that they meet the expectations of an expert in the respective domain. SCHUH ET AL. have shown 
that the results of TechRads prototype are acceptable, but the quality still needs improvements [7]. Moreover, 
not only the quality, but also the time factor proved to be essential in the user workshop. The willingness to 
pay for the TechRad platform has been shown in the fast delivery of the results. The users have specified 
fast in the range of up to one hour. Due to the fact that the processing in the current prototype phase takes 
about one day, further development is required in the context of efficiency. However, if the quality and 
efficiency requirements are not met, commercialization would not become an option. 

Furthermore, an autonomous technology radar improves the technology scouting process by reducing the 
research efforts. This is significant for large companies with technology and innovation management 
departments. Small companies do not make use of such processes because they do not have technology 
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management departments. Rather, they monitor new technologies until they are mature and then use them 
to maintain their competitiveness. To ensure that the business model also offers incentives for SMEs, 
monitoring functions must be developed in further research. 

Based on the qualitative content analyses of the results from the expert interviews also experts have been 
identified as a user group for a technology management platform including the use of autonomous 
technology radars. The prototype does not include functions to match experts with SMEs or large companies 
yet, why there is also a need for further development and research in this area. 

In summary, data is essential for business models based on AI applications. Therefore, aspects from the key 
activities, partners, and resources are required as a blueprint in any business models from this area. In fact, 
these are the continuous further development of the algorithms, legal framework conditions (especially in 
the European Union), the application infrastructure (frontend and backend), and the IT infrastructure to 
support the product. Overall, the technical competencies are always needed to implement the goal efficiently 
and sustainably. 
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Abstract 

Internal and external influencing factors force companies to adapt their production networks to changing 

conditions, which entails a high level of complexity. To be competitive in the future, manufacturing 

companies have to minimize the required adaptation time between the occurrence of a change and the 

implementation of an adaptation. While some approaches deal with modelling and evaluating network 

configuration, there is a lack in identifying the need for adaptation. In practice, the creation of scenarios is 

often based on the experience and knowledge of the network designer. This paper presents an approach to 

systematically link perceived key figure changes to possible adaptation alternatives in network 

configuration.  For this purpose, the relevant objects for network adaptations are first defined and adaptation 

alternatives are systematically described. Subsequently, these are combined with a set of key figures to derive 

suitable adaptation alternatives depending on their development. The approach is further implemented in a 

software-based prototype that enables the automated generation of adaptation alternatives in response to 

perceived changes and provides the user with a listing of possible alternatives prioritized by their utility. The 

validation with company data demonstrates that by earlier and automated identification of possible 

configuration adaptations, the adaptation time to changes can be reduced and the generated scenarios are 

less dependent on the individual experience of the user. 

Keywords 

Global Production Networks; Network Design; Network Configuration; Adaptation; Optimization Model 

1. Introduction

The majority of manufacturing companies of all sizes and industries operate globally in the form of global 

production networks [1]. These production networks are often historically grown and exposed to a multitude 

of influencing factors [2]. These internal and external influencing factors are dynamic and require 

adaptations in the design of the global production network, which is a complex challenge for companies [3]. 

However, in the face of increasing competitive pressure and dynamics, the ability to adapt to changes is a 

necessary prerequisite for companies to remain successful in the future [2]. The capability and ability of the 

footprint to regain a stable state after changes or disruptions is termed network resilience [2]. To improve 

resilience in global production networks, faster detection of adaptation needs and responsive 

countermeasures are required [4]. The time required to adapt to a change is divided into three parts and called 

hysteresis [5]. The first latency period between the occurrence of change until the change is perceived, 

followed by the latency period until a need for change is identified, and finally the planning latency until the 

adaptation is implemented [6]. To shorten the adaptation time, the network planner has to be able to react 

faster in the second part of hysteresis and choose the appropriate adaptation alternative despite the mentioned 
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complexity. Therefore this paper focuses on decreasing the time between the perception and identification 

of a need for change, which can be achieved by the creation of transparency and standardization [7]. The use 

of company data offers the possibility to record key figures and to present their changes transparently [8,9]. 

A systematization of adaptation alternatives further supports the selection of a possible response to change 

[9]. Previous research of the authors systematizes adaptation needs and describes concrete adaptation cases, 

which now need to be linked to the key figures [10]. In order to provide the network planner with decision 

support, interactive tools are useful to make the complexity of the planning task manageable [11]. 

Accordingly, this paper aims at reducing the design complexity of global production networks from a 

network perspective by combining identified changes and possible network reactions. For this purpose, an 

indicator-based systematic method is presented to reduce hysteresis by linking the adaptation cases with 

quantified influencing factors to identify the appropriate response to changes. The approach is further 

implemented in a software-based prototype that enables the automated generation of adaptation alternatives 

in response to perceived changes. Prioritization of the adaptation alternatives supports the user in the 

selection of network adaptations to be considered in more detail. 

2. State of the art 

In this context, research approaches regarding structural adaptations of network configuration and adaptation 

time in network design should be considered in particular. The most current and relevant approaches are 

presented in the following. WIEZORREK presents an approach for integrating a continuous decision process. 

Within the framework of permanent monitoring, this process records relevant influencing factors and thus 

addresses the early identification of the need for adaptation [12]. SCHUH ET AL. provide a reference process 

for the continuous design of global production networks. The process uses the performance of the production 

network as a decision basis for identifying the need for adaptation [13]. An approach based on Big data 

techniques for optimization of network design is presented by GÖLZER ET AL. Within the approach generic 

planning cases for planning, executing, and validating adjustments are proposed [14]. NEUNER provides a 

reference framework for the configuration of global production networks considering uncertainty. In the 

process, uninfluenceable factors are determined and structured according to target variables. These serve as 

the basis for the evaluation of the configuration alternatives [15]. Some authors use key figures to determine 

necessary adjustments or to evaluate global production networks. RITTSTIEG examines the factors 

influencing the performance of production sites. These are quantified by a comprehensive system of key 

figures [16]. The performance of the production network, as well as environmentally induced adaptation 

needs, are considered by SAGER. He describes an approach for configuring global production networks by 

using the concept of selective key figures. Both strategic and operational metrics are used to compare 

possible adaptation needs in the network configuration [17]. Few authors attempt to handle the complexity 

of the planning task by implementing interactive software. The solutions developed by SCHUH ET AL. and 

MOURTZIS ET AL. focus on identifying optimal network configurations based on decisions about the 

allocation of resources and tasks in the production network, but do not deal in detail with adaptation 

alternatives to changing influencing factors [18,19]. In summary, approaches to adapting network design as 

well as the elaboration of key figures can be found in the literature. However, a detailed consideration of the 

derivation of adaptation needs based on identified changes to shorten the adaptation time is lacking. 

3. Conception of the approach 

Based on an already existing method for systematizing adaptation cases, chapter 3.1 presents how identified 

key figure changes can be linked to the adaptation cases. Subsequently, chapter 3.2 prepares the integration 

into a software tool by creating a data model and introducing the object of the strategic unit. Finally, in 

chapter 3.3 an optimization model is presented to prioritize the adaptation alternatives. 
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3.1 Systematized derivation of adaptation alternatives 

Within preliminary work, the authors developed an approach to systematize adaptation cases for the design 

of global production networks. The approach describes each possible design case in the network 

configuration and allows to structure decisions for a generic production network. A production network is 

represented by the superposition of several node-edge models, each representing the subnetworks of the 

product families. Accordingly, the edge of a subnetwork can be understood as the flow of a product between 

locations in the production network. This flow is referred to as the production chain and can be changed 

specifically in an adaptation reaction. In addition to the production chain, other network objects are modelled 

that are relevant for the adaptation. These are the locations of the company with their resources and the 

manufacturing processes. The adaptation alternatives of the entire production chain result from combinations 

of the adaptation possibilities for the described object types of the production network. For this purpose, the 

individual adaptation options for each object type are first defined and bundled in a configuration framework. 

For example, the production chain has four adaptation options No Change, Ramp-Up, Adaptation and Ramp-

Down. By linking the adaptation options of each object type, 160 combinations of potential adaptations are 

obtained for the production chain. Due to internal dependencies and contradictions, these are further reduced 

to 61. Each of these adaptation cases can be identified by a code resulting from a concatenation of the 

individual codes. For example, the code 1132 means the modification of a resource and emergence of a new 

production process without the change of production chain or location (see Figure 1). [10] 

 

Figure 1: Adaptation reactions in the configuration of global production networks [10] 

In order to identify the appropriate adaptation reaction to internal and external influencing factors, the 

systematized adaptation alternatives described above have to be linked to change drivers. RITTSTIEG and 

other authors have developed extensive collections of relevant key figures. For the method and the 

implemented prototype, 15 key figures were selected that were considered to be generally relevant. However, 

the method works equally with other key figures, which should be selected on a company-specific basis. The 

linking of the selected key figures is done by analyzing for each adaptation case to what extent it is suitable 

to counteract deterioration of the key figures. The evaluation is carried out by company experts. Figure 2 

shows the section of a general example and represents the interrelations as a table. For adaptation case 1121 

it is deduced that it could potentially be used to counteract deteriorations in capacity utilization, area 

utilization, volume flexibility, or route flexibility. This potential is determined for all adaptation cases. Thus, 

starting from the deterioration of a key figure, all potentially suitable adaptation cases are captured. 

 

Figure 2: Linking the key figures with the adaptation cases (example) 

Combined, the individual adaptation cases result in an adaptation alternative for the entire production 

network. However, this approach still has application-related gaps that need to be closed. In a production 

network, there are numerous network objects that are all interdependent. Key figure changes can occur 
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simultaneously in several objects. Therefore, in the following a consideration of a multitude of key figures 

is enabled and adaptation alternatives are generated in an object related way. In addition, interdependencies 

between production chains have to be taken into account by determining the adaptation reactions of the entire 

production network simultaneously instead of considering the individual production chains successively. 

3.2 Division of the production network into strategic units  

In order to provide the network planner with software-based decision support, a data model has to be set up 

that contains the object types for defining adaptation cases. In addition, the model of the production network 

is extended by the suppliers and the sales market to take external key figures into account. Further, transport 

routes are integrated into the network that link two locations with each other as well as suppliers and sales 

markets with a location. The resulting data model is implemented as a class diagram based on the Unified 

Modeling Language (UML) and visualized in Figure 3.  

 

Figure 3: UML data model for configuring global production networks 

For an assignment of design measures in the production network, a distinction is made in the data model 

regarding the influenceability of the network objects. While the influenceable objects also serve as the output 

of an adaptation reaction, the non-influenceable objects are only seen as input, i.e. they can only be used to 

identify a need for action. The network objects that are addressed by the adaptation cases, i.e. the production 

chains, locations, resources and manufacturing processes, are classified as directly influenceable. On the 

other hand, the sales market and the suppliers cannot be influenced. These are defined as exogenous in the 

model. In between are the transport routes, which connect the locations internally with each other as well as 

locations with suppliers or customers. Since sites and production can be influenced, the transport routes can 

also be addressed indirectly through design measures. However, due to the dependency on the exogenous 

objects of the network, their adaptation possibilities are limited. The selection and distribution of suitable 

adaptation measures in the production network is based on the reference process for the continuous design 

of production networks according to SCHUH ET AL. [13]. In the reference process, a network configuration 

for the entire production network is determined on a tactical level by decomposing the network into the 

individual value streams. For these value streams, possible scenarios are developed and evaluated, checked 

for dependencies, and finally selected. In this work, the production network is grouped into strategic units, 

each containing a value stream and the network objects relevant to the value stream. The strategic units 

contain all strategic decisions of relevant objects, which are used for identification as well as for the 

implementation of an adaptation. By decomposing the production network into such units, several of the 

generic adaptation cases can be assigned to the production network at the same time, in that each strategic 

unit receives exactly one adaptation case if action is required within the strategic unit. Thus, the adaptation 

of the network is no longer dependent on the successive consideration of individual production chains, but 

all production chains can be considered simultaneously. In addition, several network objects of the same 

class can be addressed within a production chain. For example, adaptation alternatives can be identified that 

react simultaneously to key figure changes from two different locations and select suitable adaptation cases 

in each case. The structure of a strategic unit is shown in Figure 4. 

625



 

Figure 4: Model of a strategic unit 

At the center of each strategic unit is the value stream, which always relates to a specific product and is 

therefore part of a production chain. The value stream begins with the inbound transport route, which delivers 

the product to the respective location. This transport route starts either at a supplier or at a company-internal 

location. At the core of the value stream is the manufacturing process used. As a value-adding element, the 

manufacturing process requires a suitable resource for its execution, which is located at a site. The output of 

the value stream is the outbound transport route, which leads either to another location (and thus to another 

strategic unit) or to the sales market. Each of the network objects mentioned occurs exactly once in a strategic 

unit, so that there are at least as many strategic units as there are manufacturing processes in the company. 

If a manufacturing process is linked to several transport routes at the input or output, the number of strategic 

units is even higher. Each strategic unit can be assigned to one of the 61 generic adaptation cases by 

addressing the network objects that can be directly influenced. The need for action is determined based on 

the key figure changes that occur in the network objects of the strategic units. Thus, there is a strategic 

dependency within each strategic unit, as the objects influence or constrain each other in the choice of an 

adaptation action. Outside the strategic unit, other primarily structural interdependencies have to be 

considered. For example, the same network objects may occur in several units, i.e. a site could have two 

resources, each has two manufacturing processes. In this case, four strategic units would be created, so that 

the site as well as the resources would occur various times. Therefore, when designing all strategic units, it 

is necessary to ensure that the actions of the network objects are unique. 

3.3 Optimization model 

3.3.1 Structure of an optimization model 

The method presented in this paper aims to identify adaptation needs at an early stage by automatically 

generating adaptation alternatives to changes in key figures. A decision problem arises about which 

adaptation cases are assigned to which strategic units, so that the action requirements are met in the best 

possible way considering the restrictions in the network. Decision problems can be solved with qualitative, 

quantitative and combined methods. In contrast to qualitative methods, quantitative ones are based on 

objectively measurable criteria and serve as a rule for the optimization of a target value by parameter 

variation [20]. The presented decision problem in this paper considers objectively measurable ratio changes. 

To enable an automatic identification of adaptation alternatives subjectivity is to be avoided and a 

quantitative evaluation method is appropriate. For mapping the decision problem a mathematical 

optimization model is chosen to deal with the optimization of functions under constraints. An optimization 

model is a formal representation of a decision problem that contains, in its simplest form, at least one set of 

alternatives and an objective function evaluating them. The model is developed to be able to determine 

optimal proposed solutions using appropriate procedures. In its basic structure, an optimization model 

consists of an objective function to be optimized, a variable vector describing the alternative courses of 

action, and a restriction system consisting of several constraints that restrict the solution space and define 

the range of values of the decision variables [21]. An important special case of mathematical optimization 
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are linear optimization models. A linear optimization model exists if the variables are not multiplied by each 

other and no variables are found in exponents. If it is possible to put a mathematical optimization model into 

this linear form, enormous advantages arise, since fundamental efficient methods for linear models have 

been developed. This enables to communicate the mapped problems as well as problem instances to standard 

software known as solvers, which solve the problem instance optimally. These solvers have increased their 

performance enormously in recent years, allowing them to solve increasingly complex problems more 

efficiently [22]. For this reason, a linear optimization model is chosen. By adding secondary conditions to 

the model, the solution space of the problem is narrowed down and restrictions from the structure of the 

production network considered [22]. In the following, the optimization model is described in detail. 

Objective function: 

𝑚𝑎𝑥    𝑁(𝑥) =  ∑ ∑ 𝑛𝑖𝑗𝑥𝑖𝑗𝑗∈𝑃𝑖∈𝑆     (1) 

Secondary conditions: 

∑ 𝑥𝑖𝑗𝑗∈𝑃 = 1 ∀ 𝑖 ∈ 𝑆    (2) 

𝑛𝑖𝑗 = ∑ 𝑟𝑘 ∗ 𝑒𝑗𝑘 ∗ 𝑧𝑖𝑘  ∀ 𝑖 ∈ 𝑆, 𝑗 ∈ 𝑃𝑘∈𝐾′     (3) 

𝑥𝑖𝑗 ∈ {0,1}  ∀ 𝑖 ∈ 𝑆, 𝑗 ∈ 𝑃    (4) 

𝑥𝑖𝑗 + 𝑥𝑙𝑚  ≤ 1  ∀ (𝑖, 𝑗, 𝑙, 𝑚) ∈ 𝐾    (5) 

 𝑥𝑖𝑗 = 0  ∀ (𝑖, 𝑗) ∈ 𝑅    (6) 

Table 1: Overview of the elements of the optimization model 

Category  Symbol Description 

Index i,l Index of a strategic unit 

j,m Index of a generic adaptation case 

k Index of a key figure change 

Decision variable x Binary variable indicating the assignment of an adaptation case to a strategic unit 

 e Binary variable for assigning an adaptation case to a key figure change 

 z Binary variable for assigning a key figure change to a strategic unit 

Coefficient n Matrix of the utility values of the adaptation cases for each strategic unit 

Objective function value N Total utility value of the adaptation alternative for the production network 

Set S Set of strategic units in the production network 

P Set of 61 generic adaptation cases 

K’ Set of all key figures 

K Conflicts between two assignments resulting from the structure of the network 

R Restrictions that arise from individual specifications of the user 

3.3.2 Definition of the objective function 

The objective of the method is to generate the best possible adaptation alternatives for the production 

network, which is captured in the optimization model by the objective function (1). The first constraint (2) 

specifies that only one adaptation case 𝑗∈𝑃 can be assigned to each strategic unit 𝑖∈𝑆. This condition is 

needed so that reasonable solutions can be determined. Overall, the adaptation cases are to be assigned to 

the strategic units in such a way that the total utility value of all assignments is maximized. To achieve this, 
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the first step is to calculate the individual utility values for all combinations of potential assignments. These 

individual utility values serve as parameter n for calculating the total utility value of an adaptation alternative. 

A utility analysis is used to calculate the individual utility values. In practice, this is a frequently applied 

procedure for the evaluation of alternative actions [20]. In this process, the alternatives are ordered according 

to the preferences of the decision maker concerning a multidimensional target system [23]. In the context of 

the method, the action alternatives are the adaptation cases of the production network. The target system 

results from the multidimensional key figure system. The utility of an adaptation case is calculated by how 

many key figure changes (considering their relevance) can be addressed. Formula (3) represents the 

individual benefits of each adaptation case for each strategic unit. K' is the set of all key figures and rk is the 

relevance of the development of a key figure k∈K', which can be calculated via the relative deviation of the 

key figure development. The binary variable ejk indicates whether an adaptation case j∈P is suitable for 

addressing a key figure change k. This information can be derived from the table in Figure 2. The individual 

utility values n have to be calculated for each strategic unit, since the key figure changes are assigned to the 

objects of the production network and several strategic units do not exclusively contain the same objects. 

Therefore, the action required per strategic unit may vary. In order to take this into account, the utility 

analysis is complemented by the additional binary variable zik, which indicates whether the key figure change 

k occurs within the strategic unit i∈S. For the implementation of the method in a software demonstrator, the 

strategic unit is included as a network object in a database so that the relationship to the other objects can be 

retrieved and used to automatically determine zik. For individual strategic units, the calculation of individual 

utility values can be performed using a table (see Figure 5).  

 

Figure 5: Exemplary calculation of the individual utility values for a strategic unit 

In this example, the utility value of adaptation case 61 for the considered strategic unit with code number 1 

is calculated as followed: 

𝑛1,61 = ∑  𝑟𝑘 ∗ 𝑒61,𝑘 ∗ 𝑧1,𝑘 = (0.7 ∗ 1 ∗ 1) + (0.3 ∗ 1 ∗ 1) = 1.0𝑘∈𝐾′           (7) 

Thus, adaptation case 61 has the highest individual utility value of the adaptation cases considered in the 

example. The individual utility values are calculated for each strategic unit and serve as coefficients for the 

objective function (1) of the linear optimization model. The total utility value N is the sum of the individual 

utility values of all selected adaptation cases. The decision variable xij serves for the assignment of an 

adaptation case j∈P to a strategic unit i∈S. xij is a binary variable that takes the value one if an assignment 

takes place and zero if not. This binarity is expressed in the optimization model by constraint (4). The task 

of the solver is to determine a value for all assignments so that the objective function is maximized. 

Constraints (5) and (6) represent restrictions of the network and are explained in the following subchapter. 

3.3.3 Restrictions from the network configuration 

If there are no interdependencies between strategic units, the objective function could easily be optimized 

by selecting all adaptation cases with maximum individual utility values. In reality, the selected adaptation 

cases may contradict each other and thus not be feasible. For example, one adaptation case might involve 

the decommissioning of a resource, while another adaptation case involves only a modification for the same 

resource. Therefore, structural interdependencies between the strategic units of the production network have 
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to be considered when selecting adaptation cases. These interdependencies are accounted for by constraint 

(5) in the optimization model. The constraint specifies that two assignments (each between a strategic unit 

and an adaptation case) cannot both be selected if this constellation is stored in the conflict list K. The conflict 

list K is a list of interdependencies between the strategic units of the production network. The conflict list 

depends on the structure of the production network and the composition of the strategic unit. Therefore it 

has to be created individually for each production network in advance. In this method, the conflict list is 

created with the help of an algorithm. All possible assignments are reviewed and checked for dependencies 

between the strategic units. The basis is the contradictions in the generic actions of the individual network 

objects. If there is a contradiction, the two actions under consideration cannot be performed within the same 

object. In preliminary work of the authors, the actions were defined as unique and not overlapping [10]. 

Therefore, a uniform adaptation reaction has to be selected for a single object. However, there is the 

exceptional case that an adaptation reaction creates a new network object. Then it is possible to perform any 

action on the first object as well as to create the new object. For example, a new resource could be put into 

operation while the old resource is modified. This also applies to the opening of a site and the development 

of a new manufacturing process. The described constraints are used to consider the structure of the 

production network. With regard to the application of this methodology, however, it should be possible to 

generate additional constraints that incorporate strategic guidelines from the company. Thus, guidelines from 

the network strategy can be considered. For example, location decisions can be dependent on a superordinate 

strategy, such as the development of a new sales market. In addition, the solution space of the problem can 

be further restricted by following the guidelines, so that the decision is facilitated. In this optimization model, 

the user-specific restrictions form the constraints (6), which are not further detailed here. 

3.3.4 Iterative solution of the optimization problem and prioritization of the alternatives 

After all required coefficients and quantities have been determined, the optimization problem can be set up 

and solved. Since the optimization model contains a binary decision variable, an integer optimization 

problem has to be solved. Manual selection of an algorithm is not necessary, since a standard solver (Coin-

or-branch and cut) is used in the software implementation, which automatically determines a suitable 

algorithm. Since the adaptation alternatives as results of the method should only serve as decision support 

for the network planning, the specification of a single adaptation option is not purposeful. Rather, several 

alternatives for the production network should be generated and listed according to their utility value. This 

results in a clear solution space of potential alternatives, which are further checked for feasibility and 

reasonableness. For this purpose, the optimization problem is solved iteratively. In each subsequent iteration 

the solution of the previous iteration is forbidden. Thus, each iteration provides an additional adaptation 

alternative for the production network, whose utility is smaller or equal to the utility in the previous iteration. 

Thus, starting from the second iteration, a new constraint must be included in the optimization model that 

excludes all previous solutions.  

4. Application 

The described method was transferred into a software demonstrator, which is structured in the form of a web 

application and can be operated via any internet browser (see Figure 6). The software demonstrator allows 

the user to simulate various situations to identify individually tailored adaptation alternatives for a production 

network. The result is a prioritized list of adaptation options, which the user should then evaluate based on 

various criteria (effort, cost, risk, etc.) in order to finally adapt the production network. The decision is 

facilitated by the application, as the solution space is reduced by systematizing the adaptation cases and 

prioritizing the network alternatives. The software demonstrator was applied and validated at a household 

appliance manufacturer. The company's network consists of several global locations and has grown 

historically. There is high potential by adapting to changes such as growing unit numbers in new markets. A 
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key figure system for monitoring the production network consisting of 15 key figures was used for the 

validation. The key figures were examined for changes using historical data. Five key figures were identified 

that had changed in different optimization directions. By creating a table to determine the dependencies 

between the 61 adaptation cases and the key figures, the software demonstrator could be fed with the 

corresponding data. The resulting list of prioritized adaptation alternatives was validated by a network 

planner. 5 of the 8 highest prioritized alternatives were classified as realistic adaptation alternatives and 

could be investigated in a next step with respect to the criteria mentioned above. 

Figure 6: Excerpt of the software tool (anonymized example) 

5. Conclusion

The paper presents a methodology and its transfer into a software tool for the identification and prioritization 

of possible adaptation alternatives in global production networks. This provides decision support to the 

network planner by narrowing the solution space and suggesting possible adaptation alternatives in an early 

and automated way. There is currently a need for research in the processing of the data from the systems, 

which enables the automated calculation of the key figures used. In addition, possibilities for further 

evaluation of the prioritized adaptation alternatives should be investigated. Factors such as effort, cost, 

strategic importance, sustainability, and risk of the identified alternatives should be considered to assess the 

alternatives for feasibility and reasonableness. Further development of the method focuses on reducing the 

high degree of subjectivity in linking the metrics to the adaptation cases. This could potentially be countered 

by a feedback learning system, using appropriate machine learning algorithms to adjust the values of the 

table used to produce more meaningful results. 
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Abstract 

This paper presents a material requirements planning method that determines optimal safety stock levels 

using a heuristic optimization, based on a deterministic simulation of stock levels. Material requirements 

planning is a key competitiveness factor in a volatile, global market environment and is becoming 

increasingly complex due to the availability of more products, product variants and fluctuating demand. 

Digitalization offers significant potential benefits for this planning domain, however, tools ready for use in 

industry applications are still lacking, leading to untapped potential in companies. The approach presented 

herein investigates available safety stock calculation algorithms, develops a heuristic-based optimization 

method that determines the best fitting algorithm for each product and optimally parameterizes the algorithm. 

The method utilizes a deterministic simulation as an evaluation function. A case study for a company in the 

capital good industry is implemented to evaluate the application potential. The results reflect significantly 

improved service levels with a minor increase in cost. 

Keywords 

algorithms; calculation of stock; consumption-based material requirements planning; digitalization; heuristic 

optimization; inventory calculation; safety stock; safety stock planning; simulation 

1. Introduction

Data and information are sometimes referred to as the “oil of the digital age". This increasingly applies to 

material requirements planning, which is confronted with increasing complexity in a volatile, global market 

environment and the associated increase in data volumes [1]. Disruptions due to digitalization, smaller batch 

sizes, fluctuating sales volumes, globalized supply chains and cost pressure are major complexity drivers in 

material requirements planning [2]. Material requirements planning refers to the coordination of the flow of 

materials into the company and the stock levels so that the required items are available on time and in the 

right quality, at the right place [3]. The aim of material requirements planning is to ensure that the company's 

material supply is economically secure in terms of type, quantity, time and quality [4]. The sub-disciplines 

of material requirements planning are divided into requirements planning, calculation of stock and purchase 

order calculation [3], see Figure 1. This paper focuses on the sub-discipline of calculation of stock, 

specifically on the application of safety stock algorithms in consumption-based material requirements 

planning. Although many companies view safety stock primarily as a cost driver, safety stocks are the key 

factor for maintaining a high service level [4]. Optimally defining safety stock levels help on the one hand 

to increase the service level for the customer, and on the other hand to minimize company-relevant inventory 

costs [5]. Digitalized, automated planning can achieve significant savings, ensure long-term customer loyalty 
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and improve competitiveness [6], and a variety of algorithms exist in consumption-based material 

requirements planning to improve its efficiency. However, only a very small proportion of mathematical 

models are applied in day-to-day operations [7]. 

 

Figure 1: Sub-disciplines of material requirements planning 

This paper presents the development of a digital planning tool for material requirements planning and 

operational purchasing that enables product-specific optimized calculation of stock. The objective is to 

guarantee the availability of consumption-controlled disposition, considering potential item-specific 

uncertainties in the supply chain, with the lowest possible safety stocks. For this purpose, a heuristic 

optimization based on a deterministic simulation is developed as an evaluation function. The potential 

benefits for optimized safety stock calculation are evaluated in a case study from the capital goods industry. 

Its relevance for the industry can be justified by the fact that capital goods are increasingly placed at shorter 

notice and for smaller volumes. Therefore, producers are being demanded short delivery times, a high degree 

of flexibility and of planning accuracy and this with an increasing variety of articles. 

The research hypothesis is that a digital planning method in consumption-based material requirements 

planning can significantly increase the service level compared to the safety stock determinations practiced 

today in companies in the capital goods industry. The Design Science Research Methodology according to 

Peffers et al. [8] was applied, supporting both the development of a solution and its communication into 

application. 

The paper is structured as follows: Following the introduction, section 2 provides relevant fundamentals for 

safety stock planning, while section 3 introduces simulation and optimization for safety stock planning. 

Section 4 presents the development of the planning method. In the concluding sections 5 and 6, the results 

are discussed, and an outlook is provided. 

2. Background: Safety stock planning 

A literature analysis provides an overview of available safety stock calculation algorithms (see Figure 2). 

Altogether, 16 different methods could be identified. None of the referenced literature considers all 

algorithms. Figure 3 categorizes the algorithms and outlines their relationships to each other. The algorithms 

were then characterized and the possible applications in the operational environment of the capital goods 

industry were evaluated. The procedures marked in dark grey were selected as the most common procedures 

though a prevalence analysis. Some of these 11 algorithms are already used in Enterprise resource planning 

(ERP) systems. However, decision-makers in companies lack a basis for deciding which of the safety stock 

algorithms are most suitable and how to parameterize them optimally and in a product-specific manner. 

In real-life settings there are numerous factors that can contribute to uncertainty in material requirements 

planning [9], such as delivery date deviations, delivery quantity deviations, consumption deviations, supplier 

quality problems and stock deviations. In order to counteract the occurrence of shortages in materials 

disposition, safety stocks are used as buffers in materials disposition. Planners have to decide between a high 
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level of service and the associated higher capital commitment and storage costs, and between low stocks and 

the associated risk of the occurrence of shortages [10]. 

Figure 2: Literature allocation to safety stock procedures 

Figure 3: Overview of safety stock algorithms 

3. Heuristic optimization, simulation and simulation-based optimization of safety stocks

Optimization is the process of finding the best possible solution for the objective – in this case, maximum 

service level with minimum inventory – with the help of mathematical operations. The optimization can 

either be implemented as a mathematical optimization program or as an algorithm that uses an evaluation 

function to achieve the objective. For complex real systems, some form of simulation is often useful for the 

evaluation function – in this case, the stock is deterministically simulated over time for the different methods 

to analyze, how a chosen stock calculation method affects an objective function of stock costs and shortage 

costs. The static simulation is used to describe deterministic system behavior. In other cases, if the system 
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behavior cannot be predicted deterministically, the behavior results from events over time that influence one 

another - in such cases, discrete-event simulation is a commonly used [11]. 

Within optimization algorithms, there are exact procedures that determine an optimum, and optimization 

heuristics that can determine a good solution for complex practical problems in the practically available 

computing time [12]. Computation time is especially critical when simulation is used as an evaluation 

function, as simulation is usually computationally intensive. Metaheuristics are used for practical problems 

with complex search spaces in which there are many local optima, which are robust to local optima that 

simple local search procedures, such as hill-climbing procedures, cannot overcome. Rule based heuristics 

are less universally applicable and require a known optimization strategy, but they are computationally 

efficient. Kamhuber et al. [13] give an example of combining efficient rule-based heuristics, based on human 

planning expertise, with metaheuristics, in conjunction with discrete-event simulation in production 

planning. This example demonstrates that a combination or hybridization of the methods can prove to be 

more useful and advantageous to achieve efficient planning. 

In this paper, a heuristic with a static simulation is used as an evaluation function for the selection of the 

most suitable safety stock calculation. The safety calculation methods are themselves also usually heuristics, 

that have been established as standard methods in their specific planning domain. Table 1 gives an overview 

of literature on simulation, optimization and simulation optimization of safety stocks. 

Table 1: Literature research on simulation, optimization and simulation-based optimization of safety stocks 

Simulation of safety stocks Optimization of safety stocks 
Simulation-based optimization of 

safety stocks 
Schmidt et al., (2012) Gansterer et al., (2013) Mayer et al., (2020) 

Gansterer et al., (2013) Hernandez-Ruiz, (2016) Claus et al., (2018) 

Nenni et al., (2013) Albrecht, (2017) Bracht et al., (2018) 

Hernandez-Ruiz, (2016) Avci et al., (2017) Wenzel et al., (2017) 

Albrecht, (2017) Gruler et al., (2018) Gutenschwager et al., (2017) 

Avci et al., (2017) Ghadimi et al., (2020) Walmann et al., (2016) 

Gruler et al., (2018) Barrios et al., (2020) Hanschke, (2015) 

Ghadimi et al., (2020) Sourirajan et al., (2008) Witthaut et al., (2015) 

Barrios et al., (2020) Keskin et al., (2015)  

 Schuster-Puga et al., (2016)  

 Park, (2020)  

 

From the publications in Table 1, the authors highlighted in dark grey were identified as especially relevant 

publications for this work: Nenni et al. [14] evaluate the level of service for safety stocks calculated with 

different formulas and compare, whether the level of service determined by simulation corresponds to the 

target level of service of the safety stock level. Schmidt et al. [15] deal with the concept of virtual safety 

stock and evaluate its effectiveness by means of simulation. Freely selected values for lead times, 

consumption values and their standard deviations function as input data in both works. Schmidt et al. use 

250 days as the simulation period, which corresponds roughly to the total working days in a year. Nenni et 

al. simulate over 50.000 periods. Due to the uncertainties in demand and replenishment time contained in 

the models, a single simulation run is not meaningful. For this reason, the simulation results in the papers 

are arithmetically averaged after 10 or 15 simulation runs. Nenni et al. exclusively use the safety stock 

formula with uncertain lead time (Theory of Constraints), whereas Schmidt et al. provide a recommendation 

matrix for the selection among 9 safety stock algorithms. No real company data is used in each case. 

The Paper at hand utilizes 11 safety stock algorithms and provides an evaluation based on a company use-

case in the capital goods industry and a final total landed cost evaluation is carried out. 
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4. Development of the safety stock optimization method 

4.1 Characterization of the case study 

The case study was carried out with the disposition-relevant data of a company from the capital goods 

industry (production of fittings and valves). The company in the case study is embedded in a corporate group 

and has about 115 employees, an annual turnover of 22.3 million euro, 346 customers from 51 countries, an 

annual purchasing volume of 11.5 million Euros, 1.780 active suppliers from 61 countries, and uses an ERP 

as its central IT system. For the case study, the input files are available in a standardized form from the IT 

systems and are read in via an interface. The optimization method was implemented in a VBA-based MS 

Excel tool. The objective was to enable users (materials requirements planners, operational purchasers) to 

plan optimal safety stock levels independently, without requiring expert knowledge in the areas of 

optimization and simulation. 

4.2 Preliminary ranking of algorithms 

As the first step, a preliminary priority ranking of the 11 selected calculation methods was determined, 

independent of the concrete use case and data set. For this purpose, the capabilities of the safety stock 

algorithms are compared with the requirements from the uncertainty factors of Wiendahl [9] in the 

calculation of stock of material requirements planning. The result of the prioritization is shown in Table 2 

(the algorithms are listed with descending priority). At this stage, this prioritization can be used by 

application companies – depending on the data availability, the best-ranked method can be chosen by the 

planner. In this paper, this ranking is only an additional orientation, with the final ranking determined via a 

simulation evaluation presented in section 4.5. 

Table 2: Safety stock procedures and operating principle 
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Uncertain lead time (Theory of Constraints) - - + + - + 
Safety stock dynamic with target service-level - - + + - + 

Safety stock with target service-level - + ~ + - + 

Safety stock with dynamic service-levels - - + + - + 

Calculation according to service-level - - ~ - ~ + 

Calculation by using the A-B-C/X-Y-Z method + - - + - - 

Dynamic safety stock method - - + ~ + - 

Calculation with a service-level of 100% - + ~ + - - 

Calculation by means of the rough estimate method - - - - - - 

Calculation by Lagrange method + - - - ~ ~ 

Calculation by Percent-Fill Method - - - - ~ ~ 

4.3 Data characterization and data preparation for the use case 

In the following section, the procedure of data collection as well as the data structure and results are 

described. As the first step, all data relevant for the application of the algorithms (stock levels, material, 

disposition master data, consumption data, etc.) are identified based on the 11 selected safety stock methods 

(see Figure 3) and obtained from the IT systems of the research partner from the capital goods industry. In 

the process, a total of seven different files in three different file formats (.xlsx, .csv and .pdf) are combined 

in the VBA-based MS Excel tool by means of an import logic, sorted by article number, and prepared for 

further use. 
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The following Figure 4 shows the data required for the heuristic optimization as well as for the subsequent 

simulation. In addition to the listed information, the article number is imported for each file for accurate 

sorting. 

 

Figure 4: Input data for safety stock calculation and simulation 

4.4 Calculation of logistical parameters 

After data preparation, relevant logistical parameters for the optimization are calculated from the existing 

historical and forecast-based input data for each article, as a calculation basis for the safety stock algorithms. 

Table 3: Logistical parameters for optimization 

Average daily consumption (historical) Standard deviation lead time (historical) 

Average monthly consumption (historical) Average lot size (historical) 

Standard deviation daily consumption (historical) Maximum monthly consumption (historical) 

Standard deviation monthly consumption (historical) Averaged forecast value (future) 

Average lead time (historical) Standard deviation of the forecast values (future) 

4.5 Ranking and selection of safety stock algorithms 

Using simulation, the safety stock algorithms are ranked: In the process, a subset of the data set is selected 

for which all 11 safety stock procedures can be applied for each article (if none or not a substantial share of 

the dataset is fit for all 11 algorithms, only the supported algorithms are selected and ranked). All algorithms 

are applied to all articles of the subset (products) and the resulting stock levels are simulated over time 

(material deliveries and material consumption calculated through a time series analysis) and the article-

specific service level is determined for each safety stock procedure. For the simulation, optimal purchase 

order lot sizes have to be defined – this is achieved via a purchase order lot size optimization method, 

developed by the authors, which uses a total landed cost approach as the objective function of the 

optimization (all relevant costs are considered) and a deterministic simulation as the evaluation function 

[16]. 

Thus, mean lead time, mean consumption, and associated standard deviations of items are imported into the 

simulation and the warehouse inventory level is simulated for 300 days. The different safety stock levels of 

the individual algorithms are considered. The algorithms with a combination of the highest resulting service 

level and a low safety stock level are prioritized. As an example, Figure 5 shows a simulation over 300 days 

for an item with a mean lead time of 5 days and an associated standard deviation of 3 days. The mean 

Data input for safety stock calculation
Data input 3

− Material number

− Order quantity

− Delivery date

− Quantity delivered

− Base unit

− Order date

Data input 4

− Material number

− Goods receipt date

− Material short text

− Quantity

Data input 5

− Material number

− Forecast for the next 12 

months

− Forecasting method

− Relation

− Mean forecast error

− Standard deviation of the 

forecast error

Data input 7

− Units of measurement

Data input for simulation
Data input 1

− Safety stocks for calculation methods

Data input 2

− Average lead time

− Standard deviation of the lead time

Data input 1

− Material number

− Base unit

− Safety stock

− Planned delivery time

− Cross-plant material status

Data input 2

− Material number

− Net price

− Currency

− Price unit

− Tolerance for underdelivery

Data input 6

− Material number

− Chosen method

− Order lot sizes

Data input 3

− medium consumption

− Standard deviation of consumption
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consumption of the example item is 1.000 units per day and the associated standard deviation is 750 units. 

Figure 5 shows that on days 47, 224 and 242, for example, the stock level would fall to 0 units, meaning that 

the item would not be available for delivery. The simulation calculates a service level of 96% for this article 

for a safety stock of 4.829 pieces. The optimal safety stock at a given service level of 98% would be approx. 

7.000 pieces, which would be delivered by the procedure with uncertain lead time (Theory of Constraints). 

Repeating these simulation runs with the subset of the data set plus variation of the items thus led to the 

decision to prioritize this algorithm. 

 

Figure 5: Simulation of the item-specific stock development 

The simulation results are translated into a case and data-set specific ranking of the algorithms. The 11 safety 

stock algorithms have different data requirements, therefore if the necessary data for certain algorithms is 

unavailable for an article, the next algorithm is tested. The algorithm with the highest available priority is 

then chosen for each article. 

4.6 Application of safety stock calculation 

For the sake of economic viability, safety stocks are not to be created for all articles, but only for those with 

a significant risk of a shortage, the simulation used in section 4.5 is used here again to assess the item-specific 

risk. All articles are simulated without setting safety stocks first. The simulation results are then evaluated 

and articles with risk of stock shortages are identified. Next, the optimal safety stock levels for these articles 

are calculated with the optimal algorithm chosen before for each article (→ section 4.5). For these articles 

with safety stocks, the simulation is run anew, this time with the optimal safety stock values, to evaluate the 

successful avoidance of stock-out. 

4.7 Optimizing the heuristics based on the simulation results with optimized purchase order lot 

sizes and safety stocks 

In the evaluation, the items with stock shortages are identified and the optimal safety stock levels calculated 

in the previous safety stock optimization phase are applied to them - no safety stock is defined for items 

without shortages. It turned out that, despite optimized safety stocks, a safety stock level that was too low 

was set for some articles, because in some cases there were still understocking costs in the purchase order 

lot size simulation. Therefore, the heuristics were revised, and, as an example, the "Theory of Constraints" 

method was given priority over the "Dynamic service-levels" as the more optimal method. As a result, based 

on the defined heuristics, only items that are at risk of shortage are suggested or issued an optimal safety 

stock level. 

Lastly, another simulation is carried out for determining the total landed costs. After this second fine-tuning, 

optimized purchase order lot sizes and order times are defined for all articles, as well as optimized safety 

stocks according to demand. The entire procedure is illustrated in Figure 6. 
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Figure 6: Stochastic-heuristic optimization with subsequent simulation 

5. Results and discussion 

The results show that using the developed optimization method, different safety stock procedures are 

identified as optimal for the articles. In this case study, optimal safety stock procedures and safety stocks 

were determined for 595 articles for which there was a risk of stock shortage, according to the simulation. 

Of the 11 algorithms considered, 2 were selected by the optimization method. The "Uncertain lead time 

(Theory of Constraints)" method is used for 76% (452 articles) and the "Safety stock with target service-

level" method for 24% (143 articles). The other 9 algorithms have not been selected for this dataset. If the 

database were expanded from the 595 articles in the application example, other procedures would also be 

selected, based on the data availability of each article. However, since there is no danger of a stock shortage 

for these articles, no safety stock was suggested or determined according to the developed optimization 

method. 

The combined consideration of calculation of stock (safety stock method) and purchase order lot size 

calculation (purchase order calculation method) increases the service level (availability of goods). For all 

simulated 595 articles with understocking costs (out of 4.066 articles in total), a stock-out could be avoided 

for almost all articles (476 articles). For 119 articles, a stock-out could not be avoided due to the nature of 

the initial state at the beginning of the planning period: For those articles, errors in the material requirements 

planning in the period before the considered planning period have led to a stock level of zero at the start of 

the planning period, which led to unfulfilled demand right after the start. In principle, this phenomena cannot 

be avoided. 

It must be noted that the increase in the availability of goods through safety stocks is at the expense of 

warehouse and capital commitment costs, as shown in Table 4. Only costs represented through figures, data 

and facts in financial accounting records were able to be evaluated. For example, a possible customer 

fluctuation due to insufficient delivery capability could not be evaluated financially. Through this targeted 

and optimal application of safety stocks, it was possible to guarantee the service level and the associated 

availability of goods for those articles with understocking costs (apart from those 119 articles) with a 

minimal increase in costs of ~0.6 percentage points. 

After applying the last (2nd) phase of fine-tuning, the combined optimization of purchase order lot sizes and 

safety stocks, the total landed cost shows higher total costs for this combination compared to a procurement 

optimized only for purchase order lot sizes, without optimized safety stocks (see Table 4). From the point of 

view of the total landed cost objective function, the optimization result has thus even slightly deteriorated 
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• Base unit

• Requirements forecast

• purchase order lot sizes

• …

Data input

Parameters for regulation

Simulation model
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due to the combined optimization, while it has improved from the point of view of the safety stock 

optimization objective function (service level 99,9% with the lowest possible safety stocks). Since the total 

landed cost approach only considers actual costs incurred and does not consider, for example, the negative 

effects of a stock-out on customers who could reorient themselves to other suppliers, it is reasonable to 

suggest refining the objective function from an overall optimization point of view - i.e., the entire material 

requirements planning. 

Table 4: Total landed cost (TLC) consideration before and after optimization of safety stocks 

TLC consideration before optimization 

of the safety stock level 

TLC consideration after optimization 

of the safety stock level 

Stock shortage costs 

Storage costs 

Capital commitment costs 

15.691 EUR 

60.855 EUR 

329.794 EUR 

6.811 EUR 

62.543 EUR 

339.317 EUR 

Total landed cost (TLC) 406.340 EUR 408.672 EUR 

6. Conclusion and outlook

The method was developed using an extensive case study and data set from the capital goods industry. It is 

based on established calculation methods for purchase orders and safety stocks. In principle, it is therefore 

suitable for most companies that operate complex material requirements planning. The benefits increase with 

an increasing number of articles as well as risk factors and other complexity drivers, all of which can be 

found in the capital goods industry – this is where the digital (partial) automation of planning can prove to 

be most valuable. 

The results show that with the targeted use of digitalization in the calculation of stock of consumption-

controlled material requirements planning, the service levels can be significantly improved. In addition, the 

interaction and interdependence of the main disciplines of calculation of stock and purchase order lot size 

calculation in materials disposition is also presented. The relevance of data quality and structure in 

companies was also demonstrated while the study was underway. 

Further research work will be aimed at the development of an integrated material requirements planning 

method, comprising requirements planning, calculation of stock and purchase order lot size calculation. This 

will include investigating the hierarchy between planning goals and working towards a less sequential 

planning process in the interest of pursuing an aligned material requirements planning optimization. 
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Abstract 

Currently digitization and Industry 4.0 are some of the most important trends influencing production 

processes and companies. In a lot of companies Shopfloor Management (SFM) is used to manage production 

and sustain as well as grow a strategic leadership through lean and efficient processes. Its main goal is to 

bring focus back to the shopfloor, where value-adding processes are performed, and to increase the 

connection between managers and shopfloor workers. In light of the aforementioned trend towards continued 

digitization, this produces a field of tension in which a trend enabling increasingly remote control of 

production through new digital solutions meets a principle focusing on being on site as well as intensive 

communication. Combing both aspects can prove to be complex as can be seen by studies showing a wide 

distribution of SFM in a selection of German production companies, but with exceptionally low usage of 

digital technology. 

A significant cause of this is the overwhelming number of possible aspects of Industry 4.0 increasing the 

difficulty of selecting manageable ideas, aggravated by a lack of integration of necessary employee and 

organizational change. Purpose of this paper is, therefore, to propose a theoretical basis for a digitization of 

SFM through the development of a model including disjunct aspects of SFM as well as a maturity index 

providing a means to discern different levels of digital solutions. To provide a practical viewpoint in addition 

to the theoretical basis, concrete SFM methods are collected and mapped to fitting areas as well as maturity 

levels of the underlying model. Additionally, a two-step questionnaire is conceived to allow for a selective 

proposition of said methods to derive an implementation sequence. All aspects of the approach are finally 

validated with an example company. 

Keywords 

Digital Shopfloor Management; Lean Leadership; Human-oriented Shopfloor Management 
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1. Introduction and Motivation

Current trends like globalization, individualization and shorter product life-cycle times are causing qualities 

like adaptability and flexibility to become more and more important [1]. Highly efficient and flexible 

production systems with a flexible organisation as well as satisfied and motivated employees are required. 

However, in a survey conducted by Staufen AG in 2019, 70% of companies state that changes are 

predominantly imposed from above and only 43% of respondents state that their organizational structures 

are designed to be flexible and changeable [2]. This contradicts the vision of decentralized design and 

optimization as well as changeable companies and at the same time leads to a low acceptance of the methods 

used in the production system [3]. Technology is thus no longer the limiting factor, but human mutability 

[1]. Besides technological changes such as plug-and-produce or self-organized production, Shopfloor 

Management (SFM), hence, is a key enabler of a flexible and adaptable company, for example through 

allowing increased transparency on the shopfloor [4]. In particular, it supports short-cycle decisions that are 

associated with organizational and human adaptability. 

Because of the progressive digitization and increasing implementation of Industry 4.0 the concept of SFM 

faces a large number of changes, creating new potentials. These are, however, often accompanied by 

concerns of employees [5]. At the same time, digital networks also possess inherent risks for example in the 

form of data security, long latency periods and information overload [6]. Additionally, due to the many ways 

in which Industry 4.0 is currently affecting companies, it must be analysed how SFM can be meaningfully 

expanded through digitization in order to promote decentralized decisions in production [7,8]. 

The goal of this paper is to provide an approach to combine Industry 4.0 and SFM including all affected 

dimensions (technological, human and organizational) in change. Therefore, in section 2 available literature 

concerning a theoretical basis for the digitization of SFM is analysed. Based on the existing models the 

modular digital SFM model including a maturity index is presented in sections 3.1 and 3.2. To expand the 

theoretical view towards a real-world application, concrete digital methods are then added in section 3.3. To 

allow for a further customization of the implementation process a two-step questionnaire is presented in 

section 3.4 enabling the allocation of a company within the theoretical model and deriving suitable steps 

towards increasing the digital maturity level. In section 4 the approach is exemplary applied to a production 

company and given recommendations for a digital SFM transformation are shown. Finally, the approach is 

discussed and potential for future research is shown.  

2. State of the art

In order to allow for a structured evaluation of available research towards (digital) SFM as well as 

implementation approaches, a set of criteria is defined as a first step. The first one is the availability of a 

method tool box (C1). This is necessary to narrow down the immense amount of possible solutions within 

Industry 4.0 and build a basis for a concrete plan of steps to integrate digital solutions into SFM [9]. This 

also allows to fully integrate the peculiarity of digital change processes. The second criterion is the 

integration of concrete aid towards implementation of (digital) methods (C2). As mentioned before, digital 

solutions not only come with technical challenges, but implementation also has to consider organizational 

as well as human challenges, which ought to be considered to fulfil C2 [10]. Criterion C3, the availability of 

an assessment (tool), aims a supplying a means to generate a, as much as possible, reproduceable strategy 

towards implementation for companies instead of being limited to a theoretical view. Approaches should 

also incorporate a multi-level maturity index (C4). This allows to separate different levels of digital solutions 

whilst still placing them along a linear guideline steering the digitization [11].  

The first type of identified literature are analogue SFM models. An exemplary approach is provided by 

Kiyoshi Suzaki, which describes an extensive basis for the transformation of a company from a “traditional” 

way of management to a “modern” SFM [12]. By using examples and experiences a simple implementation 
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approach is provided. He, however, only describes the change necessary for each single aspect of production 

as well as the ideal result, whereas a concrete implementation strategy is only slightly addressed. Another 

comparable approach is chosen by [13]. In addition to both an overview over methods of SFM as well as 

detailed explanation for each aspect, Conrad et al. also facilitate a concrete SFM implementation by 

embedding the methods in a step-based implementation strategy with clear instructions. As a further aid 

multiple concrete design examples of different methods are given to be used as inspiration for custom 

implementations. All approaches, however, lack an integration of digital change in SFM. All of the identified 

approaches for analogue SFM mainly address C1 and C2 by providing different (analogue) methods to 

implement SFM as well as addressing necessary changes in the human and organizational perspective. None, 

however, feature an assessment tool or, due to their analogue focus, a maturity index. 

The second type of identified literature addresses digital SFM. These can be divided into approaches being 

based on analogue models as well as newly developed models. Brenner, for example, starts off with a 

description of analogue SFM [14]. He then uses these parts as an agenda to demonstrate different exemplary 

ways to digitize processes. A similar approach is chosen by Meißner et al. [15,16]. Building upon their 

existing SFM model, they first define a target state and thereby enhance the analogue model with digital 

aspects that support and ease the use of it. Additionally, they propose traditional change management models 

for strategic change combined with tailored recommendations as a way to introduce digitalization to the 

shopfloor. A different approach is chosen by [17] as well as [18]. Instead of starting with an existing SFM 

model, Rauch et al. develop a description of a final goal stage concerning the digital abilities for SFM [17]. 

They then describe the different methods having to be implemented to achieve the final state. Bock et al. 

[18] also design their approach without an analogue model, but instead define four different maturity levels 

for digital SFM ranging from analogue to autonomous. Instead of proposing defined steps for achieving the 

target state, they offer an extensive description for them. This in turn allows them to be used as a form of 

vision, for which to achieve individual steps need to be taken (like different software modules or functions). 

Most of the identified approaches not only address technical challenges, but integrate all necessary aspects 

with few authors also defining (basic) maturity indexes (e.g. [4]). Similarly, only a minority of the identified 

literature offers concrete methods for achieving the proposed visions (C1) and in turn also assessment tools 

to derive methods to be implemented (C3).  

A third type of relevant literature like the works of Liebrecht et al. [19] and the practical framework for SFM 

implementation by Hartner et al. [6] are about implementation procedures for digital solutions. As can be 

seen by the recommendation of [16] to implement digital SFM with strategic change management methods, 

digitization often means fundamental change for employees and companies in general. As [8] mention, 

technical changes are often more advanced compared to social and organisational change processes. To 

overcome this inequality, they propose an iterative framework for implementing dSFM integrating the 

technical, organization and human dimension. They thereby add a human-centered perspective to the 

predominating technical views of digital SFM. All approaches in this area, however, lack concrete methods 

for SFM and only propose general digital methods, if at all (C1). Yet, they sometimes offer maturity indexes 

(like [11]) and mostly address the necessary change in the organizational as well as human dimension (C4 

and C2) 

As can be seen in Figure 1, there is no current research activity towards a complete approach fulfilling all 

defined criteria and enabling a step-by-step processes to digitize SFM based on giving concrete method 

recommendations. Therefore, we present a modular SFM model, which supports decentralized decisions like 

process optimization or short-time production steering. This model includes maturity index as well as a 

toolbox that presents dSFM methods for each level of a digital SFM, combining the theoretical viewpoint 

given with the underlying model with real-world application through concrete methods, that can be 

implemented in companies. The approach is further enhanced in regards to real-world applicability by a 

human-oriented dSFM maturity assessment, which calculates the actual stage of dSFM in a company and 
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therefore determines an individual development process for the company towards a target dSFM-stage based 

on the proposed methods located in the theoretical model. 

 

Figure 1: Overview of identified literature (Picture by authors)  

3. Methodology 

3.1 Development of the underlying model 

As suitable model is the necessary basis for the assessment of the current state as well as the vision and, 

thereby, allows to derive the next steps towards improving maturity [20]. However, as can be seen in the 

previous chapter, many theoretical models only feature a limited scope, either missing human and /or 

organizational perspective or only partially addressing the challenges stemming from digitization of SFM.  

Therefore, the initial step towards conceiving an approach for achieving digital SFM is the development of 

an adequate model. For this, the concept of SFM by [4] is used as a basis to be evolved. Analogue SFM 

already is not only a collection of methods to be implemented, but also includes a wider view with 

fundamental change to organizational structure enabling necessary change for successful SFM processes 

[12]. Additionally, the human perspective also plays a big part for achieving a functioning SFM as well as 

digitization in general [21,22]. Both perspectives are already rudimentarily featured in the underlying model 

by [4]. It is, however, lacking the integration of digital aspects at its core. To address this and following the 

approach by [19], all six areas are separated into “enabler”- as well as “potential”-categories. The enablers 

include areas allowing new potentials to be achieved, whereas the “potentials“ offer a competitive advantage 

when implemented. Accurate data is the basis not only of digitization, but also of analogue SFM [23,12]. 

When digitizing data, however, many aspects have to be considered like data security, the distribution of 

automatic vs. manual data collection as well as efficient storage [24–26]. These aspects are integrated into 

the model by adding the separate data area. Another important enabler-area is IT-enablers, which contains 

the technical basis of digitization. This also has to be integrated separately as there are many different 

possibilities of achieving for example widespread networking of digital systems. Yet, old infrastructure, 

varying standards etc. can pose big risks for safety, scalability or other important future success factors 

[9,15]. The last enabling area is Key Performance Indicators or KPI which is already used by [4]. These 

provide the main instrument to achieve transparency on the shopfloor, an important aspect allowing all 

employees to participate and ease the identification of malfunctions [27,12]. In the developed model, the 

define the gateway between data and usable information for the potential areas.  

To keep the model compact, for the “potential”-categories, some of the dimensions of the model of [4] are 

grouped together. One area is thus defined by combining Meetings & Knowledge Exchange. Meetings play 

an important role in structuring communication and as a basis for other processes in SFM [4,12]. The 

645



   

 

   

 

digitization of this area has to be carefully balanced to not lose focus on the shopfloor for example by 

employing digital meetings to replace regular presence [6]. To allow for the integration of all employees in 

SFM, a continued qualification and exchange of knowledge is necessary [13,12]. This will also play a big 

role in successful digitization and offers vast possibilities through digital evolvement [28,29]. The area of 

Measures & Problem-Solving integrates another important part of SFM. Through continuous identification 

and solving of problems and realizing improvement potentials in production processes, its efficiency can be 

increased. This plays an important role in the ability of SFM to secure and increase competitive advantage. 

Through new possibilities of data processing etc. in this area, these processes can be significantly enhanced, 

but also face problems through a risk of lacking integration of employees in automatic processes and 

therefore declining readiness in participating in continuous production improvement [14]. Participation of 

employees however will also play an important role in future problem solving [30]. The last area of the 

model is defined as Resource Control. 

As described by Ganschar et al., the human will still be the centre of the modern fabric [31]. Thus, employee 

perspective acts as a base for the model, being represented by necessary qualifications as well as acceptance. 

To fully reflect necessary changes in the organizational dimension, the model is supplemented by the areas 

of organizational guidelines as well as lean leadership. The complete model with all areas and dimensions 

(see 3.3) can be seen in Figure 2. 

 

 

Figure 2: Developed SFM model already with dimensions described in 3.3 (Picture by authors) 

 

3.2 Development of a digital SFM Maturity Model 

As an addition to the developed model, a suitable maturity index is conceived, which is based on the study 

of [4]. The matrix by [4] containing the three criteria (I4.0 levels as defined by [11], real-time capabilities 

and level from analogue to automated) is thus transformed into a linear model. Therefore, the basic 

distinction between analogue, digital and automated is used and slightly renamed. Since certain methods 

warranted a closer distinction between digital and analogue, a fourth level called “digitized” is introduced to 

form the final maturity index [15]. “Analogue” includes methods without any kind of digital support, 

whereas “digitized” is mostly used for methods with basic digital support (like digital lists). “Digital / 
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connected” includes methods with complex digital support and connective features, but only “smart / 

autonomous” contains methods with extensive digital support, where algorithms etc. gain partial decision 

competence and / or forms of intellect. 

3.3 Collection and allocation of concrete (digital) SFM methods 

SFM according to the definition by Liebrecht et al. is an independent method or management tool [32], 

whereas in the context of the Lean-Philosophy SFM is described as an understanding of leadership [23]. 

Addressing the inhomogeneous definition of SFM and to address criterion C1 a major structured literature 

search is performed to identify existing methods of (digital) SFM. The research is focusing on already 

existing methods for the SFM but includes ideas and visions as well. Therefore, the identified methods range 

from being widely implemented already in lean companies (like Shopfloor Boards used to visualize KPI’s 

[23]) to being highly innovative and thus not having been implemented in most companies yet, like trend 

analytics to predict deviations of KPI’s [9]. A complete overview of all identified methods can be seen in 

Figure 3. 

Figure 3: Overview of identified methods and corresponding area and maturity level (Picture by authors) 

Methods from the research period having been classified relevant are then transformed into standardized 

profiles, which enable clear and fast summary of the elements necessary for a successful implementation 

and application of the shopfloor method. These profiles are summarized in a modular SFM toolbox similar 

to Liebrechts Industry 4.0 toolbox [32]. The profiles contain various information in regards to expected 

effects and benefits for SFM and production in general, but also surrounding effects like employee reaction 

/ necessary qualification as well as needed organizational adaption. This addresses the criterion C2 by 

enhancing the method description with organizational and human perspective. The methods are then initially 

mapped to the most appropriate model area and maturity level. To allow for an even more precise allocation, 
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the areas are separated into dimensions like “Documentation” and “Horizontal / Vertical” for the category 

“Meetings & Knowledge Exchange” based on a clustering of contained methods.  

3.4 Development of a digital SFM Maturity Assessment 

In order to allow the assessment of a company’s current level of maturity concerning digital SFM as well as 

rate their vision, a short as well as detailed questionnaire is developed following the approach of Schumacher 

et al [33]. Their work is an ideal basis as it is a combination of numerous maturity assessment concepts and 

is easily transferred to SFM and its digitization. Instead of a single survey, however, in our approach two 

different questionnaires are used. This two-level approach allows interested companies to answer a short 

Quick Check  and receive more general recommendations including suitable methods to be implemented as 

a rapid way to develop towards digital SFM. Users needing an in-depth guidance can then answer detailed 

questions regarding the previously identified lacking area(s) of SFM. 

As a first step, a description for the ideal final state of each tuple of maturity level and field of application is 

created based on the profiles as well as additional literature research. The final states consist of a combination 

of possibilities offered by the methods in the respective tuple as well as their main advantages when reached. 

The conceived final stages are then in turn analysed for their most important contents and afterwards 

transformed into items for the Quick Check based on available literature concerning questionnaire best 

practices like [34]. For the development of the more detailed questionnaire allowing a more exact rating of 

the current maturity level, the method profile is used as a source of information and in turn transformed into 

one or more items describing each aspect of a given method. Closely related methods are as much as possible 

combined into single items to limit the size and in turn answering time of the questionnaire. The complete 

process is visualized in Table 1.  

Table 1: Example for process from methods to item used to derive items of maturity assessment for the Category of 

Data Acquisition and Maturity Level Analogue 

Step Content 

Input: Methods Analogue Acquisition of Process Data, Creation of analogue machine datasheets, Creation of analogue tool 

datasheets, Data Acquisition Design and Classification 

Throughput: Ideal final 

state  

Up-to-date information through short cyclical data acquisition, Identification of relevant data, Structured data 

form and acquisition process 

Output: Derived item Do rules for the classification and structuring of data exist on the shopfloor? 

 

To allow for a comparison of results, answering options were mapped to corresponding maturity levels in 

the Quick Check and in turn recommendations. For the detailed questions, answering options were mapped 

to distinct methods or method implementation progress. To finalize the surveys, both questionnaires are then 

pre-tested. To make sure, that each question is understandable, three different personae are conceived 

representing different types of users to be expected based on surveys for example from [35]. Main points of 

each persona are their knowledge about digitalization as well as SFM, which are used to make sure each 

question is understood the correct way and addresses the correct underlying aspect or method. 

4. Application and verification 

The presented digital SFM quick check has been applied with an international production company 

producing measuring devices. It is characterized by a decentralized organizational structure in production 

with autonomous assembly teams and it’s at the beginning of implementing Industry 4.0. The application 

was carried out in three sequential steps: In the first step the partner answered the Quick Check consisting 

of approx. 46 questions, second the calculated maturity levels were discussed in semi-structured interviews 

with an expert of the company and third the levels were adapted where necessary.  The answers given and 
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the calculated maturity levels (see Figure 4) in the Quick Check then fit the described situation of the 

company.  

 

Figure 4: Resulting maturity levels for enabler (left) and potential dimensions (right) from the Quick Check 

visualized using a Microsoft® Excel graph (blue = target level, orange = current level, Picture by authors) 

As being identified in the Quick Check as lacking, the category of Preparation and follow-up was thoroughly 

examined using the detailed questionnaire. There, the low level was confirmed and it was found, that 

necessary analogue requirements in the form of structured problem collection and measure documentation 

was missing. Due to their otherwise comparably high level in the enabler areas, a digital fault monitoring 

system as well as a digital measure list were recommended to be implemented.  

5. Conclusion 

The presented modular digital SFM model summarizes single SFM methods. Because of the described 

maturity levels and the developed assessment for each category the presented approach is a suitable tool for 

supporting the company-specific (digital) SFM implementation. The exemplified application of the model 

showed the generally possibility of estimation of the digital maturity. However, some of the single questions 

need to be reworked, so that a self-assessment will be practicable.  

In further research the guidelines of the digital SFM model should be concretised with the help of empirical 

research methods like item tests and regression analysis. For example, the relevant competences and 

qualifications must be defined for each employee role in SFM. The corresponding competencies must be 

available among the employees so that successful SFM processes can be realized. If the maturity assessment 

is combined with an employee self-evaluation of the human-oriented target system [8] a benchmark study is 

facilitated, which can be used to determine the success factors of SFM in terms of high employee acceptance 

and employee productivity.  
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Abstract 

The introduction of new variants and the difficulty of forecasting future market demand and developments 

aggravate the synchronisation of assembly lines. This ultimately leads to cycle time spreads and thus to 

efficiency losses, e.g. due to lower employee utilisation. In response, matrix-structured assembly systems 

have been developed as a concept of cycle time independent flow production. Essential characteristics of 

this type of assembly systems are the dissolution of both one-dimensionally arranged assembly stations as 

well as cycle times across assembly stations. In recent years, the focus has been on assembly control for the 

routing of orders through a matrix-structured assembly system. However, order release strategies have 

largely been neglected, which means that the actually promised performance of this new organisational form 

of assembly cannot be fulfilled. An agent-based release decision enables the optimal scheduling of new 

orders taking into account current information from the assembly system such as station states or the 

processing progress of orders that have already been released. This work extends and builds on existing 

agent-based approaches to control matrix-structured assembly systems in regard to order release. This results 

in a theoretical improvement in key performance indicators such as throughput time and station utilisation. 

For this purpose, the release process, as well as the associated calculation logics and constraints, are 

described and the implementation in an environmental model is outlined. An essential part of calculation 

logics is the prediction of all possible paths and capacity requirements resulting from routing and sequence 

flexibility. This work contributes to the practical realisation and economic operation of matrix-structured 

assembly systems. 

Keywords 

Matrix-structured assembly; agile assembly; assembly control; multi-agent system; order release 

1. Introduction

Matrix-structured assembly systems are gaining progressively more attention in research. They are 

considered a potential solution for addressing the ongoing challenges caused by shorter innovation cycles 

and volatile market conditions through the use of a flexible organizational assembly form [1–4]. Key features 

of this new organizational form are the breakup of one-dimensionally arranged assembly stations and the 

elimination of uniform cycle times for all assembly stations [4]. This enables the processing of orders on a 

situational basis and depending on current circumstances in the assembly system. Resources at assembly 

stations can not only be used for station-specific assembly steps, but rather for all assembly steps which 

require this resource. Since the possible routes of an order are known a priori by the assembly system, 

whereas the actual routing is determined as a response to the situation and depending on the actual 

availability of the assembly stations, assembly control gains significantly in importance [4–8]. In matrix-
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structured assembly systems, assembly control deals with the assignment of orders and assembly steps to 

assembly stations, taking into account current resource availability or disruptions. This shifts the complexity 

from line balancing to assembly control [9,10]. Assembly control deals with the customer- and order-related 

design of material and information flows. This includes the systematic interaction of material-processing 

and material-moving areas in a time-related context [11]. Important functions of assembly control are order 

release and order monitoring, job scheduling, worker assignment, material supply and disruption 

management [12]. 

In principle, assembly control can be realized by both centralized and decentralized control architecture. In 

the application context, centralized architectures are based on extensions of the flexible job shop problem 

[13–15]. In comparison to decentralized architectures, centralized architectures show better results in 

simulations with respect to tardiness and lead time [5]. However, for complex problem formulations as well 

as extensive scenarios, optimal solutions cannot be determined in polynomial time. Centralized control 

architectures cannot guarantee the requirements of real-time capability [5,8,13–15] which limits their 

applicability to control matrix-structured assembly systems [5,9]. Accordingly, research in this area has 

largely focused on decentralized control architectures, which can be well modelled by Multi-Agent systems 

(MAS) [16–18]. Several studies already have highlighted the efficiency and close to real-time performance 

of MAS-based assembly control systems [2,5,10,19–21]. 

Especially in the variant-rich and disruptive operational practice, it is indispensable that orders are only 

released when the assembly system has foreseeable sufficient capacities for order processing [10]. However, 

order release as a subtask of assembly control is largely neglected. So far, no functional approaches exist 

that go beyond random, alternating, or time-based order release. This contradicts the basic principles of 

matrix-structured assembly systems, according to which orders are only released into the assembly system 

in case of sufficient resource availability. To realize the performance potentials of matrix-structured 

assembly systems and to ensure the practicability of agent-based assembly control, a combined view of 

existing assembly controls and order release is required. Therefore, this paper presents a modular concept 

for agent-based order release in matrix-structured assembly systems. The concept is derived and described 

in a system-independent way. It includes the definition of necessary interfaces to the assembly control as 

well as processes for information management and decision-making in the order release mechanisms. 

Finally, an outlook on the software implementation is given and the added value and limitations of the 

concept are discussed.  

2. Assembly control in matrix structured assembly systems 

2.1 Agent-based control strategies 

A MAS consists of several agents that jointly perform one or more tasks through interaction. An agent is a 

delimitable software unit with defined goals. This unit is embedded in a closed environment and is capable 

of performing autonomous actions while interacting with other agents in the environment to achieve the 

defined goals [22]. MAS are particularly characterized by high stability and reliability. They are significantly 

less likely to fail in dynamic environments than monolithic architectures. Overall, the greater the dynamics 

and turbulence of the environment, the higher the superiority of MAS becomes [23]. 

The existing MAS in the area of research at hand differ in terms of their modelling depth and scope, but they 

can all be considered as possible control systems. Therefore, the approach according to MAYER et al. is 

exemplarily presented in the following [10]. This approach is based on four agent types: Order release agent, 

routing agent, workstation agent and vehicle agent. Figure 1 shows these with respect to their interaction and 

main information flows.  
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Figure 1: Exemplary decentralized agent-based control approach [10]  

The order release agent decides on the timing and product type for the release of orders into the assembly 

system. The release itself is triggered when the work-in-progress (WIP) falls below a defined threshold. 

After releasing an order, the routing agent is generated and regularly calculates optimal routing minimizing 

the individual makespan for the assigned order. The optimization via Monte-Carlo Tree Search (MCTS) is 

triggered when a routing agent’s operation has been finished or by order release. The next type of agent is 

the workstation agent, which is generated for each workstation in the system and serves to optimize the 

workstations’ schedules and minimizes their idle time between the operations using the same MCTS. The 

fourth type of agent described by MAYER et al. is the vehicle agent. Like the order release agent, there is 

only one central vehicle agent to assign and coordinate the transportation vehicles. Its aim is to minimize the 

total transport costs in terms of time. As an alternative approach, BURGGRÄF et al. distribute the tasks of 

assembly control among the three agent types: assembly station agent, order agent, and manager agent, the 

latter also being responsible for order release [5]. However, these alternative approaches differ only in their 

modelling, while the core functions of assembly control are handled in a similar way. 

In the following, the presented and other selected approaches are discussed in the context of the application 

in order to show concrete deficits in the release mechanisms. However, the basic idea for formulating a 

release agent according to MAYER et al. seems promising and will be adopted in the following explanations. 

2.2 Limitations regarding order release 

SCHENK et al. define the verification of resource availability as an essential task of order release [24]. 

According to GRESCHKE, order release is also an important sub-task of assembly control in matrix-structured 

assembly systems [8]. It has been shown that MAS are suitable for the control and simulation of matrix-

structured assembly systems due to the comparatively faster solution-finding, especially if unexpected 

disturbances and path deviations are to be expected [2,4,5,8]. Existing approaches for agent-based assembly 

control neglect feedback from the production operation of the assembly system.  

While BURGGRÄF et al. do not specify the order release, SCHÖNEMANN et al. apply a randomized distribution 

of orders to represent a worst case scenario [4,5]. GÖPPERT et. al. also utilize a random distribution approach 

with a fixed interarrival time to model the order release, similar to that of SCHÖNEMANN et al. [7]. The 

exemplary presented approach of MAYER et al. also only uses randomized and alternating release and refers 

to the necessity of advanced order release mechanisms. In the present research field, only one advanced 

approach could be identified. MÜLLER and SCHMITT provide an approach for sequencing order pools, which 

is based on the quantification of similarities as well as the minimization of similarities between two 

successive orders. Accordingly, a static order pool and a fixed order processing sequence are assumed. [25] 

However, this contradicts the core of the responsiveness of a matrix-structured assembly system just as much 

as a randomized release of assembly orders without matching capacity supply and demand. 

In summary, it can be stated that the complete exploitation of the potentials of matrix-structured assembly 

requires the development of appropriate approaches for order release. Since the basic idea of MAS is 

extensibility, a corresponding extension of existing MAS in the context of application is a logical 

consequence. Therefore, order release tasks must be embedded into existing assembly control systems 

including the definition of interfaces and release mechanisms. In the following, concrete properties for an 

agent-based order release are derived and used to propose a general solution.  
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3. Design of an agent-based order release 

3.1 Essential properties 

To formulate individual properties of an order release in matrix-structured assembly systems, the deficits of 

existing control approaches as well as the general performance promises of matrix-structured assembly 

systems were evaluated using available literature. The findings were then reviewed within the consortium of 

the AIMFREE research project, which ultimately led to the formulation of six specific properties of a suitable 

approach. These are presented in the following: 

The first property is motivated by the assumption of multi-functionality of assembly stations in matrix-

structured assembly systems. Multi-functionality describes the ability of assembly stations to perform 

several different operations along the assembly precedence graph. The resulting increased routing flexibility 

improves the overall system efficiency [7,26,27]. Thus, capacity calculation must be detailed on an assembly 

operations level as a single consideration of capacities at the system or station level can lead to bottlenecks 

in the execution of specific operations. If considered solely at the operation level, assembly stations with 

comprehensive and multi-functional capability profiles would be scheduled multiple times. Therefore, the 

capacity situation must be analyzed at both the operation level and the system level. Information at this level 

of detail must be provided to the order release agent in order to evaluate both levels. The second property 

is the need to consider all possible paths and related capacity demands of an order through the assembly 

system. First of all, this includes the flexibility of the assembly precedence graph (process sequence 

flexibility), i.e. the possibilities of processing the operations of an order in different sequences. Furthermore, 

it includes the possibility resulting from the redundancy of capabilities that the same order selects different 

paths or stations in a system [15]. In accordance with this flexibility, both unreleased orders and orders that 

have already been released must be evaluated. In the latter case, all orders in the system must be analyzed in 

regard to the remaining paths and the capacity utilization to be derived from them. The third property is 

the event-driven release orientation. Periodic release mechanisms are not effective since it has been proven 

that lead times vary in the application context [28]. The release process needs to be triggered by current 

events such as the completion of an order. This ensures that current circumstances and information of the 

assembly system are taken into account for the release decision. The fourth property deals with the 

consideration of individual assembly system operation goals by parameterizing the decision behaviour as 

proposed by BURGGRÄF et al. [5]. Thereby, due to the agent-based approach of assembly control, the 

behaviour is encapsulated, but the performance indicators of the assembly system are influenced by order 

details and released orders. By parameterizing the decision behaviour, individual production strategies can 

be taken into account, e.g. to minimize lead times, delays or fluctuations in capacity utilization. The fifth 

property is the consideration of order-specific characteristics such as due-dates as well as individual orders 

[13]. Orders are therefore not grouped in production lots. Instead, in addition to the specification of the 

product type to be assembled, an order contains further information such as the completion date or margin. 

This information can also be included in the release decision. The last and sixth property is the practicability 

of the approach regarding solution time [5,9]. An upper boundary can be set by limiting the calculation time 

of a decision to be significantly shorter than the shortest operation time. Generally, the usage of outdated 

information needs to be minimized. After formulating comprehensive properties for an agent-based order 

release, a concrete approach will be presented in the following. 

3.2 Embedding of the order release agent 

Similar to MAYER et al., the task of order release is embedded in a single order release agent (ORA) and is 

part of the agent-based assembly control. Together with the matrix-structured assembly system and an order 

pool the environmental model is formed. The ORA can retrieve or provide information to its surrounding. 

To initiate the order release process, the ORA can proactively listen to events or be trigged by events in the 
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environmental model. Once triggered, the ORA performs several subtasks related to the decision-making. 

These subtasks include the request of information such as waiting orders in the order pool. Since the order 

pool is usually managed by higher planning levels, it cannot be generally interpreted as a direct component 

of the assembly system or assembly control. Thus, it is located in the environment. However, the order pools 

provide information to their surrounding. The ORA saves the result of the order release and makes it 

available to the environment model. The interaction and the functionalities of the ORA are illustrated in 

Figure 2.  

 

Figure 2: Concept, interactions and functionalities of the order release agent  

As soon as the ORA is triggered by a defined event such as order or operation completion, the ORA first 

wants to replicate the current capacity situation in the assembly system. To do this, it retrieves information 

about the assembly system from the agent-based assembly control. The information includes available 

assembly stations as well as their capability profiles. Furthermore, the current order progress of released 

orders in the assembly system is retrieved. Based on the characteristics of the assembly system, the available 

capacity can be determined at the operation and system level. Using all path combinations, all the possible 

capacity profiles of the released orders are generated. In combination with the capacity profiles of the orders 

in the order pool the order-specific capacity fit can be derived. For this purpose, either an entire order pool 

or pre-selected groups (e.g. by determining volume cycles [13]) can be used. 

The evaluation of the orders with regard to their suitability for release can be done either with restrictions 

for the capacity limits or through a fully score-based approach. In case of using constraints, overcapacity is 

not allowed in the system. Consequently, all orders which would exceed the capacity at any given time are 

rejected. To efficiently verify this, the product specifications of the orders in the order pool are considered 

first. Then the capacity constraints for all products in the order pool are evaluated and the product with the 

best capacity fit that does not violate the constraints is selected. In the next step, all orders containing the 

identified products are filtered. Those filtered orders are score-rated on order-specific information as the 

due-date and margin. Once all orders are viewed, the best order with the best score is chosen and released. 

If there is no order which satisfies the constraints or if there is a product which would fit, but no orders with 

this product exist, no order is released, and the agent goes into standby. Alternatively, a fully score-based 

approach to capacity evaluation can be used, which neglects hard capacity constraints. The fully score-based 

evaluation also determines a capacity fit for each product. However, if a product would overfill the available 

capacity, it’s not set invalid. Instead, a lower capacity fit is assigned to the product. Afterwards, the order 
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pool is filtered for orders containing the product with the best capacity fit. Then, a score based on the 

weighing of capacity fit and order characteristics is formed. After all orders are rated, the best order is chosen. 

To avoid that the ORA continuously releases orders, a threshold can be set in the final result-evaluation and 

decision-making. Through this matching, there is a possibility that no order is released at all. Thus, the fully 

score-based approach enables the strategic release of orders which could possibly overload the assembly 

system for a short time by up-scoring certain order details such as due dates. The behaviour of the ORA 

could be further influenced by adding weighting factors which weight individual operations higher than 

others, resulting in a better utilization of this operation. Margin, due dates or other order characteristics can 

be weighted similarly to influence the overall behaviour of the order release agent.  

Finally, the results of the capacity evaluation are processed to derive a concrete release decision. If no order 

was passed down from the capacity evaluation, no release is triggered. Otherwise, a specific assembly order 

will be released. The release of an order can also be set as a triggering event, so that the described process is 

initiated again.  

3.3 Evaluation of the capacity fit  

The main challenge in implementing the ORA and the release mechanisms is the formulation and evaluation 

of the capacity profiles. In preparation for the presentation of a concrete approach to address this challenge, 

a fictive case including a nomenclature is illustrated in figure 3. 

 

Figure 3: Case scenario and preparation of a capacity profile 

Given is a product P1 with four different operations and precedence constraints. For example, the processing 

time of operation OP4 is one time unit and all other operations must be finished before OP4 can be started. 

All possible paths can be derived from the assembly precedence graph. These are formulated as a matrix, 

taking into account operations that have already been carried out, with each line describing a possible 

processing sequence. The order J1(P1;[OP1]) has already been processed with respect to OP1, so that two 

possible processing sequences remain. Now, for example, the first line is used as a possible sequence and 

gets extended using the given operation durations (see TJ1,1). Furthermore, this possible sequence of 
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operations can be transferred into a time-oriented capacity profile by documenting the operation demand 

line-by-lime (see CP1(TJ1,1)). This results in a sequence- and product-specific capacity profile. Furthermore, 

each assembly station’s capability is described with a vector OAS which indicates whether a specific 

operation can be conducted using a binary variable. For example, the capability profile O3 permits the 

processing of OP1 and OP4. The operation-specific system capability is described by the vector sum. Figure 

4 illustrates how this formulation of capability profiles is applied to match released orders with new release 

options. 
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Figure 4: Capacity matching and evaluation  

From his surroundings, the ORA finds out that two orders have already been released for processing: 

J1(P1;[OP1]) und J2(P1;[]). As shown in Figure 3, these two orders result in two respectively three possible 

sequences. Therefore, in a next step, all combinations of the sequences have to be transformed by adding the 

individual, time-oriented capacity profiles, in this case six profiles. Similarly, from the order pool view, two 

possible orders are made available for release, in this case each with the product P1. Since no order-specific 

details (e.g. due dates) are evaluated in the first step, it is sufficient to consider one of the orders on the 

product level. Just as for the already released orders, the time-oriented capacity profiles are determined. This 

results in three more profiles, since three possible sequences can be extracted from the precedence graph. 

The next step is to match the capacity profiles by storing all 18 (six times three) combinations as a capacity 

profile match. In this way, all possible sequence combinations of the already released orders are matched 

with those available for release. Then, for a specific time step (here t=0), the demand for the assembly 

operations is determined and compared with available capacity in the system. In case of a demand overload, 

depending on the evaluation method (see Figure 2), the matched capacity profile is either rejected or saved 

as release option with reduced favorability. In order to prevent an overload of the entire system, it is also 

analyzed whether more stations are occupied by the match than are available. In a similar way, a match is 

rejected depending on the evaluation method. The process shown must be carried out for all products 

available in the order pool. Valid matches are prioritized in the following step with regard to further, order-

specific characteristics.  
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4. Discussion  

The conception of the ORA bases on an environment model consisting of an agent-based assembly control 

and order pool. While previous approaches use order lists for random, alternating or lot-based release, the 

ORA decouples the two aforementioned entities of the environment model. The consideration of current 

information is essential especially in the context of highly dynamic environments like in matrix-structured 

assembly systems. Static mechanisms, which release random, alternating, or lot-based orders, are not 

effective in the intended context. If specific capabilities in the assembly system are overloaded, a lack of 

consideration of capacities leads to queues, longer throughput times and, in the worst case, deadlocks. At the 

same time, the use of static release mechanisms can lead to assembly stations in the system remaining 

completely unused. The extent to which the ORA can access an entire order pool must be decided upon the 

use case. For this purpose, inventory levels and necessary pre-manufacturing processes must be considered 

optionally. The danger that individual orders are not drawn from the order pool and remain unprocessed is 

eliminated by taking individual order characteristics into account and considering them in the decision-

making process. The presented approach further requires that all possible order paths are considered for all 

capacity considerations. However, full path planning creates an NP-hard (NP: non-deterministic polynomial-

time) problem, which can have a negative impact on performance in complex scenarios. Thus, approaches 

for the emerging NP-hardness in path prediction have to be elaborated in order to further enable real-time 

capable control of matrix-structured assembly systems. 

5. Summary and Outlook  

This paper has highlighted the relevance of order release to fulfil the performance promise of matrix-

structured assembly systems. The presented approach provides a conceptual framework for embedding an 

order release agent into the agent-based control of a matrix-structured assembly system. However, this paper 

does not present concrete algorithms. Nevertheless, it can be concluded that in the dynamic environment of 

a matrix-structured assembly system, random, alternating, or lot-based order release can lead to efficiency 

losses. Further research should deal with the actual implementation of concrete algorithms as well as the 

validation of these within practical examples. However, this possibly requires an approach to address the 

NP-hardness of path planning. A possible solution would be to filter the order-specific paths with regard to 

improbable path constellations before analyzing them with regard to their capacity profiles. In this way, the 

capacity analysis could be excluded for rarely occurring paths or, for example, initially very long paths. The 

path determination is integrated into the ORA in the presented approach. Alternatively, this could also be 

outsourced to a separate agent in order to generate further performance advantages using asynchronous 

programming. In addition, a discounting of future capacity loads based on the net present value method 

should be discussed in order to give more weight to the near and more predictable future when making 

decisions. The implementation further includes the determination of weighting factors to enable target-

oriented and robust decision making. On the basis of the software implementation, the theoretical potential 

of an agent-based order release can finally be assessed.  
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Abstract 

Initiatives and projects such as the “Excellence Start-up Center.NRW” aim to increase the competitiveness 
of Germany through startups and has the explicit goal of creating new and sustainable jobs. In addition, so-
called MakerSpaces are being created in parallel in many areas, which are considered as creative areas and 
are intended to support the construction of prototypes and the testing of hypotheses to create value for 
potential start-ups and to establish a valid business model. The question here is whether these initiatives and 
projects provide support for industrial value creation in Germany. This would require production and 
logistics to be considered when creating and developing new business models. Established methods of 
production research (e.g. simultaneous engineering) and logistics (e.g. supply chain management) should be 
taken into account. The results of a short survey – by questioning potential startups and advisors – show 
whether production and logistics are already considered in the consulting by the MakerSpaces or if there are 
further unmet needs. 

Keywords 

Value Creation; MakerSpaces; Production and Logistics; Supply Chain Management; Prototyping; Business 
Models; Survey; Digitalization 

1. Introduction

In Germany, the promotion of knowledge-intensive start-ups and innovation culture is seen as a central 
building block for the further development of the high-tech strategy [1]. The Expert Commission on 
Research in Innovation (EFI) also recommends expanding and further developing suitable funding formats 
(EXIST, WIPANO) and promoting appropriate framework conditions, especially for transfer activities from 
the science sector [2]. The Ministry of Economic Affairs, Innovation, Digitalisation and Energy of North 
Rhine-Westphalia has responded to this need by funding six "Excellence Start-up Centres.NRW" (ESC) and 
creating the basis at six universities to develop innovation ecosystems for spin-offs from research. The 
selected universities are to make a contribution to NRW as a business location with their new support 
services for start-ups and foundations. 

In addition to the role of purely digital-based companies, the preservation and expansion of physical value 
creation in Europe is seen, especially in Germany, as an important contribution to expanding Germany's 
international competitiveness and overcoming the multifaceted challenges at a national and global level. In 
Germany, the political initiative is linked to the successful implementation of a vision of Industry 4.0 [3]. 
However, the desired industrial revolution is not only associated with major technological changes but 
always with major social and organizational changes as well [4]. Industry 4.0 is thus not only integrated for 
the technological advancement of production and supply chain management [5]. A change in organization 
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and processes must also be taken into account and thus involve management [6, 7]. In the case of start-ups, 
the challenges and opportunities of Industry 4.0 must also be considered in the value creation processes and 
supply chain management when developing new business models and digital processes.  

Particularly in start-up funding, the design and production-related issues are addressed in so-called 
MakerSpaces (MS) and designed for experimentation. Originally from the so-called "Maker Movement" 
people were led to engage in creative product-making processes by using physical and digital forums to 
share and collaborate in their daily lives [8]. For the past years, the number of MS increased mainly in the 
United States and Europe – even worldwide – by more than one thousand1 [see Fig. 1, 9]. In addition, 
numerous events such as Hackertons as well as the number of publications increased, especially on the topic 
of "making" and "hacking" [9]. 

Therefore, the purpose of this paper is to answer the following research questions: 

RQ1: What are the reasons for failure for Teams? 

RQ2: Which methods are most commonly perceived by Teams in MakerSpaces? 

RQ3: To what extent is production and supply chain management considered in the planning of Teams? 

In the following section 2, we discuss the definition of MS as well as the Production requirements for Start-
ups. Next, we introduce our short survey and the participants followed by the results in section 4. In 
Conclusion in section 5, we discuss the results of the short survey.  

 
Figure 1: Evolution of the number of MakerSpaces in EU28 per year [9] 

 

 

 

 
1 https://www.popsci.com/rise-makerspace-by-numbers/ - last access January 20th 2022 at 11.09 a.m. 
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2. State-of-the-Art 

2.1 MakerSpaces 

One of the first HackerSpaces is considered to be the Homebrew Computer Club 7, which was founded 
around 1975 in Silicon Valley. Here, hobbyists met informally in a garage to work on do-it-yourself projects, 
discover technical potential and most likely also discuss politics and society [9]. The term "Maker 
Movement", on the other hand, ranges from an IT-oriented view to a traditional art-oriented view [9]. This 
resulted in MakerSpaces (MS), which nowadays have different characteristics as a basis. These can be 
referred to as FabLabs, HackerSpaces, or MakerSpaces. These characteristics have a spatial offer in 
common. The basic idea is to offer the community and entrepreneurs an infrastructure so that they can work 
on everyday problems as well as product ideas and find particularly creative solutions. In addition, they 
provide a place for free expression, development, and production of expertise and experience. [9, 10, 11] 

The focus of MakerSpaces is on publicly accessible creative spaces that put the maker mentality and 
tinkering practices at the center. The concept refers to any generic space that encourages active participation, 
collaboration, and thus knowledge sharing among individuals and teams through the original use of 
technology. In particular, predefined structures are avoided to allow creative processes to be freely designed. 
[9, 11] 

In general, four different goals pursued by an MS can be identified. First, bringing creative technology 
developments back to communities and cities is an important aspect. The related basic idea of open source 
and sharing have already led to descriptive innovations in the past. Thus, the proliferation of MS could bring 
a transformative force. Third, this is accompanied by the vision of creating better integration of science, 
technology, and business. The idea of spreading craftsmanship early and easily in the community generally 
leads to increased access to digital manufacturing technologies and tools. Potential startups subsequently 
support local economies and impact regions positively. [1, 9] 

Tailored offerings and collaborative problem-solving in an open-space environment accelerate high-quality 
manufacturing. Such accelerated prototyping of new, highly customizable products is only possible in MS, 
in a risk-free and cost-effective manner. Thus, by default, MS are designed to create an environment that 
encourages the sharing of experiences and expertise. They encourage the use and creation of open content 
and data, including open hardware and software. Through a creation process based on unrestricted access to 
documentation, manuals, source code, or design drafts, projects are open to anyone who wants to reuse, 
revise, remix, and redistribute/process them. [1, 9, 10] 

2.2 Production Requirements 

Various challenges must be addressed to design an efficient value creation. The design of a business model 
that takes digitalization and Industry 4.0 into account can be supported by methods such as the Business 
Model Canvas [12] or Design Thinking [13]. These methods are already used in this context to design the 
value proposition or the revenue system [14, 15]. However, the resulting adjustments at the level of the 
design of the value creation processes require deeper methods, comparable to the challenge of existing 
companies to master the digital transformation [16]. Methods that focus on a systematic analysis of the 
current state of the company and the required degree of digitalization include the Industry 4.0 Maturity Index 
[17] or the VDMA Industry 4.0 Toolbox [18]. In the case of a start-up, these frameworks can only provide 
indications for designing the value creation processes, as they do not yet have any existing processes and 
need more than this strongly technology-driven perspective. As with existing companies, however, it is 
unrealistic to assume that a start-up can be built directly only on cyber-physical systems and fully digital 
solutions [19]. At the same time, the life cycle of a factory far exceeds that of its products, so new planning 
must at least take current possibilities into account [20]. 
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When building new companies, the same or at least similar questions must therefore be answered as to when 
digitally transforming existing companies. Especially for later scaling, the planning of the value chain is 
crucial for cost-efficient product creation. Therefore, supply chain management must also be planned at an 
early stage. 

Supply chain management is defined as "integrated process-oriented planning and control of the flow of 
materials, information and money along the entire value chain from the end customer to the supplier" [21]. 
The goals of supply chain management are very relevant, especially when scaling the production of physical 
goods, as shown by the examples of improved customer orientation, flexibility, reduction of inventory along 
the value chain, synchronization between supply and demand, and demand-oriented production [21]. 

To find out how relevant these design fields are for assisted founding teams with physical product ideas and 
how they are already taken into account in the pre-founding and founding phase, questions were derived 
based on the tasks of supply chain management.  

In general, it was first asked whether the scaling phase had already been considered to assess the maturity of 
the current planning. The other questions (Are you already in exchange with suppliers?, How is production 
planned?, Where is production planned?, What are the customers' delivery requirements?) are based on the 
tactical tasks of the supply chain management task model (network planning). The further questions about 
inventory planning, supplier selection, and production or assembly capability integrate the operational level 
of the SCM task model (availability and feasibility check). Finally, the consideration of current challenges 
regarding sustainability and transparency was queried. The operational level was explicitly neglected since 
the survey addressed particular start-up projects before series maturity. [21] 

3. Survey 

The survey is a mixture of qualitative and quantitative research methods. On the one hand, free answers were 
required, so that subjective opinions of individual persons could be included in the results and the evaluation 
had to be done in word form. On the other hand, this survey, due to its composition of advisors and startup-
oriented teams as well as startups, forms a homogeneous average of relevant and affected persons, so that 
the survey represents a representative sample. Besides the closed questions and multiple-choice answer 
options, a clustering of the submitted written answers was initially carried out, which in further steps led to 
a representation of percent. [22, 23] To be able to cover a basic population of the surveyed participants, an 
online survey was conducted – also in consideration of the short survey duration (two months). This offered 
the participants a certain degree of flexibility and allowed the questioner to evaluate the results digitally 
without delay. [24] 

On the one hand, the target groups of the survey were persons and teams interested in founding a company 
(further referred to as Teams) who are in contact with an ESC (and the Centre of Entrepreneurship and 
Transfer, short CET) and who use or have used the offers for business model development and prototype 
development. On the other hand, the target group is composed of supervisors of the first target group as well 
as employees of the ESC and CET. They are direct supervisors and mentors with access to the industry as 
well as transfer managers and information and technology managers who have years of expertise in a wide 
range of industries and fields of activity (further referred to as Supervisors). Thereby a wide spectrum is 
covered. 

In general, some questions were asked to both Teams and Supervisors. On the other hand, due to the different 
perspectives and backgrounds, some questions were only asked to the individual target groups. 

The scope includes more than 40 participants and was conducted from November 2021 to January 2022. 
Around half of the surveys were not completed. Simply by the fact, that some questions could not be 
answered by the participants. These incomplete answers were removed from the evaluation. All results come 

665



from fully completed surveys (20). Statistically, the number of participants does not indicate any possibility 
of significance, but in our case, it is negligible due to the participation of experts. Some of the experts have 
been working together with start-ups and start-up-oriented teams for more than 20 years. This made it 
possible to capture a broad spectrum and additionally include changes over time. 

4. Results 

The results of the survey are as diverse as its participants. The remainder of this section will first present the 
results for each target group and then focus on the results of the common questions.  

The results show that more than half of the respondents have a technical-scientific background (e.g., 
Bachelor/ Master of Science, see Fig. 1). This is due to the proximity of the TU Dortmund University and 
the adjacent technology center.  

 
Figure 2: Highest educational degree of participants 

On average, in their careers Supervisors have worked or continue to work with 18.93 Teams. In the numbers 
from supervisors is a wide disparity. The range is from five to 85 Teams. It should be noted that the experts 
already mentioned above could not specify the number of Teams here. Of the 18.93 Teams, an estimated 
1.73 have been founded, although this is based on estimates and the data is not available, particularly for the 
experts with a high number of Teams under supervision. The planned start-ups of currently mentored Teams 
are 1.27, so in total there are potentially a total of 3 Teams per Supervisor. In addition, some Teams are in 
the planning stages of formation. The chances of success among all currently supervised Teams are estimated 
to be rather average. The range here also extends from one hundred percent conviction to failure. Reasons 
for this are seen in particular in the product-market fit and the lack of market potential. In addition, a lack of 
motivation among team members, an incorrect team structure, and a lack of support are given as reasons for 
the failure of teams (see Fig. 3). 

In comparison, the Teams see the greatest problems and challenges in understanding and assessing customer 
problems and in the lack of innovation and development of the new product. Furthermore, a lack of 
motivation is also named as one of the main reasons (cf. Fig 4).  
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Figure 3: Typical reasons for failure according to supervisors 

 
Figure 4: Biggest Problems and challenges according to the Teams 

The current financing of the Teams is mostly granted through a funding scholarship. This is primarily the 
NRW start-up scholarship. Other options are the “EXIST Gründerstipendium” or a validation program such 
as VIP+, which are accompanied by the future possibility of an investor entry. In addition, fully self-
financing takes place in 10% of the cases, which has the disadvantage that the focus is not completely placed 
on the foundation. In addition, a mixture of both options can take place. 

In general, the teams consist of 3.6 members. In this survey, there was no founding of individuals.  

Regarding business planning and business model development, the Business Model Canvas is mainly used. 
Since it was developed for business model development, this is not surprising. Other approaches are the 
Lean Canvas or the "jobs to be done" method. Design Thinking is primarily used to identify customer needs. 
Alternatives for this are stakeholder analysis or hypothesis testing. Details are always neglected in the 
development of the products and the business model. In particular, the Teams stated that they neglected 
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customer interests, their business financing, or the technical realization. Other areas are marketing or product 
extensions for the future (see Fig. 5). 

 
Figure 5: Deliberately neglected according to the Teams 

In most cases, the production of a prototype is driven forward in parallel with the development of the business 
model. Only a quarter of the teams deal with a "make-or-buy" decision. Prototyping is mainly done in digital 
form (as the development of Applications or via AutoCAD/ 3D model) or using 3D printing. Consideration 
of future production and delivery is affirmed by 57% of the Teams. Only 43% do not consider this initially 
(see Fig. 6). Furthermore, few Teams take supplier information into account during their planning. Indeed, 
five out of six are planning their production within Germany.  

 
Figure 6: Methods used for prototyping 
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5. Discussion and Limitations

First of all, it is striking that the chances of success are rated moderately well by the supervisors. On a scale 
of 1 (very good) to 6 (no chance), the average is 3.06. The reasons here may lie in differences in perception. 
Many Teams are convinced of their idea and reject criticism as "unfounded" or “unjustified”. Furthermore, 
the Teams believe they understand the customer problem. Interestingly, the lack of market fit as well as the 
market potential is mentioned as the main reason for the failure by supervisors and equally listed as a problem 
and the biggest challenge by the Teams. Additionally, Teams report intentionally not addressing customer 
needs and technical implementation at the beginning. In this regard, new business models cannot succeed in 
reality without incorporating customer needs and the appropriate technical implementation. Reasons for this 
approach of the Teams are explained by the supervisors with a wrong self-perception, a certain naivety, and 
a lack of trust in the supervisors. Furthermore, the Teams produce their prototypes with the help of the MS. 
The Teams mainly (50%) use digital services, which can be explained by the increasing number of digital 
solutions and internet-based start-ups [25]. Further the results show that most of the start-ups with physical 
product ideas indicate that they are already thinking about the scaling phase, but hardly consider the tasks of 
supply chain management systematically. It should be emphasized that the majority are planning production 
in Germany and therefore the assumption of a positive influence of start-ups on industrial value creation in 
Europe is plausible.  

Success factors can be derived as a reverse conclusion. Teams should therefore be realistic, rely on their 
mentors, and have a clearer focus on customer needs. In addition, production planning is an important 
element to take into account efficient production and later scaling.  

Why the design fields of supply chain management are not yet systematically considered in the pre-start-up 
phase should be the subject of further research. Since the Design Thinking and Business Model Canvas 
methods are used very frequently, the conclusion is obvious that a supplementary methodology to highlight 
the design fields of supply chain management for start-up projects could make a contribution. 

In summary, the Teams mostly need their support in identifying customer problems and maintaining 
motivation. Furthermore, it has been noticed that the number of digital solutions and digital business models 
is increasing. Therefore, an expansion of MS towards a combination with DataSpaces should be considered. 
A larger offer for a low-code environment as well as the support regarding digital and internet-based 
solutions should be investigated in further research work. 
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Abstract 

Almost every large corporation nowadays operates some sort of Production System (PS), usually built as a 
derivative from leading examples like the Toyota Production System. Production Systems (PSs) are 
introduced to increase operational performance and to eventually instill a culture of continuous improvement 
across the mostly globally dispersed production networks. The main question is not any longer if PSs are 
helpful but how to manage them. So far there is neither an answer to this question in practice nor in literature. 
That is, how to design and develop the content, the process and the organizational support structure of a PS, 
and thus providing a corporate perspective to managing PSs, is heavily under researched. 

The methodological approach in this paper is twofold. First, a systematic literature review was conducted to 
identify appropriate papers dealing with this topic. Second, we draw on interviews with corporate 
representatives being accountable for the PS at 11 respective companies from the Pharmaceutical industry. 
The companies have been selected based on their maturity of production system implementation. Interviews 
were transcribed and coded. 

We found various activities related to the three dimensions of content, process, and structure of PSs. 
Thereby, we provide an overview of activities for managing PSs. We add to the literature of PSs from a 
corporate perspective and derive several future research opportunities, such as if there are multiple ways in 
combining the identified activities to be successful with a PS. Our limitation is that interviewees are from 
the pharmaceutical industry only, yet the level of sophistication of PSs in this industry and the twofold 
approach mitigate the limitation. 

Keywords 

Production Systems; Continuous Improvement; Corporate; Lean; Pharma Industry 

1. Introduction

Since the industrial revolution, manufacturing companies have deployed programs to improve their 
operations. The pioneering approach of Toyota and the creation of the world-famous Toyota Production 
System set the basis for lean production [1]. Automobile manufacturers started copying and developing their 
company specific Production Systems (PSs). Over time, PSs have become popular beyond the automotive 
industry and manufacturing departments [2]. The main goal of deploying PSs remains the same across all 
industries. Companies aim at improving effectiveness and efficiency in their operations and developing a 
culture of continuous improvement [3].  

However, reaping the promises is not as easy as it sounds [4]. Several companies eventually fail with their 
Production System (PS) [5–7]. At others, the PS is only superficially integrated and/or only seen as a 
“toolbox”, and hence limited in driving continuous improvement systematically [8,9]. Hence, companies are 
faced with the question of how to manage their PS [3].  
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This paper aims at examining what are activities to manage a PS. Firstly, we performed a systematic 
literature analysis to identify the relevant papers dealing with Production System management. Secondly, 
we conducted interviews with representatives from 11 pharmaceutical companies. Finally, we present our 
findings and show future research potentials. 

2. State of Research 

Many companies have adopted or even copied some parts of the Toyota Production System [10,11] and 
adjusted the design and structure [12], thereby generating their own interpretation of a PS [13]. There is no 
coherent definition of a PS, a PS is e.g. seen as a framework consisting of strategic goals, principles, and 
tools to manage production processes [14,15] or as an improvement program [16]. Since programs need to 
be managed [17] and this article aims at identifying activities to manage PSs, the definition used by Netland 
[16] and subsequently other researchers [18,19] of an “improvement program” is being followed in this 
article. Additionally, this article takes a perspective from the headquarter as PSs are often initiated by the 
headquarter and deployed to sites [20,21]. 

By creating their PS, companies aim at a structured implementation of common practices and the creation 
of a culture of continuous improvement within their manufacturing network [3,20]. In case of a successful 
implementation, companies will benefit from improved operational performance [22], achieve a continuous 
improvement capability [21], and therefore experience a competitive advantage [11]. Although companies 
use different names to refer to their own PS, they all are in essence a “process improvement program” [16]. 
Netland recognizes three dimensions that describe a PS [16]: the content comprises the principles included 
in the PS and clearly stated in the respective visualization model. The process dimension summarizes the 
mechanism how the PS and its content is implemented. Finally, the structure defines the dedicated teams on 
corporate and site level that are needed to support the process and content dimensions [16]. Literature 
provides little guidance on how to manage a PS. Academics [2,10,23] point out that companies must align 
strategy and content of PSs, as well as integrate isolated initiatives into the content of the PS. In the process 
dimension, Saunders et al. highlight the importance of soft management skills to deploy strategic initiatives 
[24]. Hekneby et al. focus on the role of managerial attention to sustain the global adoption of PSs [18]. 
Stalberg and Funding perform a case study with a company and derive several managerial implications for 
the process and content dimensions, ignoring the structure dimension [23]. Still only few publications 
discuss a more holistic approach to manage PSs. Albeit Netland [16] specified guidelines for action for a PS 
in the dimensions content, structure and process, they are neither systematically derived nor collectively 
exhaustive. 

3. Methodology 

The research question is answered in a methodological twofold approach, combining a theoretical and 
practical perspective. The theoretical perspective is based on a systematic literature review. Due to the topic 
of this research, the systematic literature review follows the step-by-step approach for operations 
management by Thomé et al. [25]. Two databases namely ScienceDirect and Web of Science were used for 
the search which was carried out in June and July 2021. Search words1 were carefully selected and discussed 
among the authors. Only peer-reviewed journal articles were included to ensure high-quality results. Papers 
should cover entire improvement programs, not isolated or single practices, at manufacturing companies. 
Both forward and backward searches were used to refine the final selection of papers. A total of 39 papers 

 
1 ("OPEX program*" OR "improvement program*"OR "CI program*" OR "JIT program*" OR "TQM program*" OR 
"TPM program*" OR "Lean Production System*" OR "Toyota Production System" OR "Company-specific Production 
System*") AND ("sustain*" OR "implement*" OR "manag*") 
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has been identified during the systematic literature review. Data gathering from the papers was conducted 
using a concept matrix according to Webster and Watson [26] in order to find activities in managing PSs. 

The practical perspective uses semi-structured case interviews which provide the researcher with the 
opportunity to have a structure in place but also allows for enough flexibility to cope with the complexity of 
the topic at hand. The selection of the case interview partners was based on three criteria to guarantee the 
reliability of the process. First, prior engagement between the companies and the authors had to have taken 
place. This ensures common understanding of a PS, reducing the risk of misunderstandings [27]. Second, 
partners should be active in pharmaceutical companies. Even though the pharmaceutical industry was a 
laggard in introducing PSs compared to other industries, it is now at the forefront with regard to the applied 
sophistication in designing PSs [28,29]. Third, cases should embrace companies with different sizes and 
maturity stages to mitigate the risk of a selection bias. The semi-structured interviews were performed in 
2021. The process relies on a pre-defined interview guideline and questions emerging during the interviews 
to increase the reliability of the research [30]. This guideline was structured according to Netland’s [16] 
content, process and structure dimension of PSs and pre-tested with a practitioner from one of the case firms. 
A total of 12 interviews from 11 companies2 with interviewees from corporate teams were conducted, 
ranging from 37 to 69 minutes. The size of companies ranges from 2000 to 95000 employees. Interviews 
were transcribed using the commercial software trint and codified with the software Atlas.ti. Data coding 
was structured in two cycles, according to Saldaña [31]. Initially, codes are found using the open-coding 
technique, which is suitable due to the explorative, open nature of the research [32]. Successively, the initial 
codes are aggregated in themes by removing redundancies and categorizing them with the axial coding 
technique [31]. Both methodological approaches were then combined afterwards to refine and structure the 
selection of activities and sub-activities for managing PSs. The overarching structure comprises content, 
process, and structure dimensions according to Netland [16]. 

4. Results & Discussion 

4.1 Content 

Table 1 contains the activities identified in the content dimension. 

Table 1: Collection of activities for managing the content of PSs  

Activity Sub-Activity Literature Interviews 
PS Content 
Identification 

Copying PS Content from External [33,34] [A, F, J, K] 
Integration of Existing Projects & Initiatives [35–37,23] [A, B, C, E, F, 

G, H] 
Strategic Alignment of PS & Company Strategy [5,33,38,16,11,3

9,40]  
[A, B, C, E, F, 
G, H, I, J, K] 

PS Content 
Definition 

Definition of Lean & Fundamentals Elements [41] [C, D] 
Combination of Soft & Technical Elements [10] [D, E, G, H] 
Integration of Digitalization Elements [42] [D, I, J] 
Operationalization of PS Elements [43,44] [C, H] 

PS 
Integration 

PS Integration with other Improvement Programs [45,10,46]  [B, D, E, F] 
PS Definition as an Umbrella System [36] [A, B, C] 

 
2 Companies 1-11 are referred to as A to K respectively in the following chapters 
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PS Content 
Evolution 

PS Scope Expansion [47,39] [A, B, C, I, K] 
PS Content Adaptation [48,47,16,39,23]  [A, C, D, E, I] 
Adaptation and Update of Guidelines/Standards [16] [A, E, H, I, J] 

Adaptation 
of PS at Sites  

Adaptation of Guidelines/Standards at Sites [44,49] [A, D, E, G, H, 
I, J] 

Adaptation of PS itself at Sites  [C, G, K] 
 

We found that companies are not only concerned with how they design their PS initially but also how they 
adapt it over time or to their sites in the network. The identification of PS elements can be driven by copying 
from other renowned models, building upon existing improvement projects or initiatives, and by an 
alignment whit corporate strategy. The integration of PSs relates to how the PS and other on-going initiatives 
in companies compete for resources and attention from management, thus taking an outside-in perspective 
from the PS. Another aspect is the PS as an umbrella system enveloping all improvement initiatives, thereby 
fostering the internal integration of the PS. During the definition of the PS content, that is the description 
and operationalization of elements, companies shape their PS. From both the practical and theoretical 
perspective, the content itself comprises lean and other fundamental elements but also contains softer as well 
as digitalization elements. The operationalization of the PS content refers to the level of detail, ranging from 
generic to specific. Despite the definition of the content at a company’s headquarter, the PS itself and its 
elements in form of operationalized guidelines or “playbooks” is adapted to the company’s sites. While 
literature shows evidence for the adaptation of guidelines, since they provide a certain degree of freedom to 
adhere to, it does not for the adaptation of the entire system, such that different elements are merely 
applicable or applied to selected sites due to their characteristics. The interviews in this case revealed that 
some companies design their system in a modular way in which some elements are deployed to sites with 
certain roles. Lastly, we identified the evolution of the PS content which is the adaptation of the PS system 
itself, the expansion of the scope, and the adaptation of guidelines and playbooks.  

4.2 Process 

Table 2 includes activities and sub-activities from the process dimension of PSs.  

Table 2: Collection of activities for managing the process of PSs  

Activity Sub-Activity Literature Interviews 
Roll-Out 
Strategy 
Definition 

Roll-Out at Organizational Levels [47,46] [A, B, F, H, J] 
Roll-Out Responsibility Definition  [A, B, C, D, E, 

F, G, H, K] 
Roll-Out Strategy Definition for Network  [A, E, G, I, K] 
Roll-Out Strategy Definition at Sites [50,36,51,27,52]  [A, C, D, E, F, 

G, H, I, J, K] 
Capability 
Building & 
Transfer 
Mechanisms 

Coaching [53] [B, D, I, J] 
Training (Workshops) [50,43,33,44,36,53,54,3

7,27,52,40,55] 
[A, B, D, E, F, 
J, K] 

Job Rotation [50,43,36,7,40]  [D, I] 
Setting up Learning Platforms  [D] 
Successful Practice Sharing [50,43,44,36,54,52,39]  [B, F, H, K] 
Establishing Teamwork (cross-functional) [50,43,36,56,40,55]  [B, E] 
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Definition of Standards, Guidelines & 
Playbooks  

[44,36] [B, C, E, F, H, 
J] 

Monitoring 
& 
Controlling 

Ensuring Resource Availability & Financial 
Support 

[51,57,37,52,41,40,55]  [G] 

Performance Management [50,44,36,51,53,37,41,5
8,39,40,55]  

[A, C] 

Maturity Assessment [50,43,44,36,53,27,52,5
8,39,55]  

[A, C, D, E, F, 
G, H, I, J, K] 

 Strategy Deployment [36,51,56,53,59,39,7,40]  [A, B, C, E, F, 
G, H, I, K] 

 Establishing Program & Project 
Management 

[40,55] [B] 

 Daily Visual Management (Huddles) [53,58,7]  [E, J] 
 Conducting Follow-Ups [35,51,52,55]  [A, I] 
 Conducting Gemba Walks [16] [D, G] 
Management 
Engagement 

Getting Site Leadership Team Commitment [27] [A, I] 
Getting Top Management Commitment [60,37,47,61,16,52,41,4

0,55]  
[A, C, E, F, G, 
I, J, K] 

Establishing Management Involvement [51,56,47,52,46]  [A] 
Creating Management Push [5,36,51] [A, D, E, J] 

Buy-In & 
Motivation 
Creation 

Creation of a Joint Vision [44,37,23] [A, E, I, J] 
Common Language Definition [36,54] [A, E, J] 
Raising Awareness [48,53,54,47,52,39,40]  [B, F, G, J] 
Communication [50,62,51,37,52,40]  [A, E, F] 
Quick Improvement Benefits Sharing [5,60,27,11]  [B, C, E, F, G, 

H, J] 
 

Five activities were identified in the process dimension. First, companies define more or less intentionally 
their roll-out strategy. Interviews revealed that this design of the roll-out strategy is manifold, covering not 
only the roll-out within sites but also across the network and organizational levels. That is, whether all sites 
are in scope at the same time or some might act as a starting point. Companies might also start from top 
management downwards or start from the bottom upwards with their roll-out. Second, the knowledge or the 
content of the PS needs to be transferred to the sites and capabilities need to be built at site level. In this 
activity, various transfer mechanisms are leveraged by companies. Usual mechanisms, such as trainings as 
well as guidelines and manuals, are used frequently but also other more advanced ones, such as coaching 
and successful practice sharing, are utilized. Interviews revealed that companies also leverage dedicated 
learning platforms or online academies. In some cases, a formalized job rotation program was used to 
systematically build capabilities at the sites. Third, the progress and effectiveness of the PS is monitored and 
controlled. Most of the sub-activities are conducted in a continuous manner. Ensuring sufficient resources 
in form of financials and time is critical. Strategy deployment includes goal setting and cascading so that 
objectives are clear but also well aligned. In addition, maturity assessments are regularly conducted to track 
the progress of PS implementation. Also, the achieved improvements and potential gaps to be closed are 
monitored with performance management. Daily management in form of huddles, regular follow-ups and 
gemba walks are used for controlling and monitoring. Fourth, creating engagement from management was 
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found to be decisive in both literature and practice. Especially, a dedicated push from top management at the 
beginning of the PS was mentioned in the interviews. Yet, a continued commitment and eventually a 
revitalizing push from management was also observed in both interviews and literature. Fifth, companies 
need to create buy-in and motivation within the organization. Frequent communication, raising awareness 
and a joint vision help to get employees on board for the PS. Additionally, a common language ensures the 
same understanding and thus further helps in engaging employees. 

4.3 Structure 

Table 3 summarizes the activities for managing the structure of the PS. The structure of the PS can be divided 
into formal and informal structures as well as the respective responsibilities. For the formal structure, a 
corporate PS team is usually established to initiate the PS such as designing its content while site PS teams 
are leveraged to deploy it. Interviews with practice additionally showed the importance of the team leader 
of the corporate PS team who is appointed at the beginning of the PS. 

Table 3: Collection of activities for managing the structure of PSs 

Activity Sub-Activity Literature Interviews 
 Formal Structures 
Definition 

Central/Corporate Team [43,36,16,40] [A, B, C, D, E; 
G, I, J, K] 

Site PS Teams [52,49] [A, E, K] 
Head of Corporate PS Team  [I] 
External Support (Consultancies) [51,52,41] [A, E, G, H, J] 

Informal Structures 
Definition 

PS Champions/Ambassadors [33,44,36,51] [A] 
Communities of Practices  [F] 

Responsibilities & 
Relations 
Definition 

Connection between Corporate & Site 
PS Teams 

 [J] 

Ownership & Responsibility of 
Improvements 

[63,57,45,16,7,55] [D, E, G, I, J, K] 

 

In addition to formal structures, companies establish informal structures or let them emerge organically. 
These informal structures are PS champions, which are assigned facilitators of the PS but not dedicated to 
corporate or site PS teams, and communities of practices, which often reflect a group of people interested in 
a certain topic of the PS. Lastly, the definition of responsibilities for improvements and ownership is a critical 
activity which is an on-going task. Yet where the responsibility resides might change over time. Moreover, 
the connection or responsibility between corporate and site PS teams was highlighted by practitioners.   

5. Conclusion and Future Research 

Companies have experienced improvements with the help of PSs but some of them failed eventually. The 
question that emerged and that is being raised by companies is how do PSs need to be managed. Our article 
sheds light on this question by providing an overview of activities for managing PSs. Our twofold approach 
revealed various activities and sub-activities that companies can consider to manage their PS. These include 
how they define and adapt the PS content, how they monitor and control the progress, how they build the 
capabilities at their sites, how they create management engagement and organizational buy-in, and how they 
establish the respective organizational structure. With this, we add to the literature of PSs by integrating 
single activities from various papers into a holistic and structured collection. Managers of PSs at 
manufacturing companies can use this overview to reflect upon their existing approaches and identify 
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overlooked activities worth to consider. These research findings offer several future research opportunities. 
First, the activities should be tested quantitatively. That is, linking the activities to the success of PSs to test 
if certain activities are more decisive for successfully managing PSs than others. Second, different 
combinations of activities might yield a positive outcome, as there might be no one-best-way to manage PSs. 
Thus, various combinations of activities should be tested instead of just a single one. Third, not all activities 
might be important when a PS is being designed, deployed or sustained. This implies that activities might 
increase or decrease in importance depending on the stage of PS implementation. Future research should pay 
more attention to these dynamics in a PS. Lastly, the collection of activities should be challenged and more 
refined by conducting interviews with more companies also from other industries. 
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Abstract 

In demand forecasting, which can depend on various internal and external factors, machine learning (ML) 

methods can capture complex patterns and enable precise forecasts. Accurate forecasts facilitate targeted, 

demand-oriented planning and control of production and underline the importance of this task. The 

implementation of ML-algorithms requires knowledge of the specific domain as well as knowledge of data 

science and involves an elaborate set up process. This often makes the application of ML to potential 

industrial problems economically unattractive. The major skills shortage in the field of data science further 

exacerbates this. Automation and better accessibility of ML methods is therefore a key prerequisite for 

widespread use. This is where the principle of automated ML (AutoML) comes in, automating large parts of 

a ML pipeline and thus leading to a reduction in human labour input. Therefore, the aim of the publication 

is to investigate the extent to which AutoML solutions can generate added value for demand planning in the 

context of production planning and control. For this purpose, publicly available datasets deriving from 

Walmart as well as an anonymised manufacturing company are used for short-term and long-term 

forecasting. The AutoML tools from Microsoft, Dataiku and Google conduct these forecasts. Statistical 

models serve as benchmarks. The results show that the forecasting quality varies depending on the software, 

the input data and their demand patterns. Overall, the prepared models from Microsoft show the most 

accurate results in average and the potential of AutoML becomes particularly clear in the short-term forecast. 

This paper enriches the research field through its broad application, giving valuable insights into the use of 

AutoML tools for demand planning. The resulting understanding of limitations and benefits of AutoML tools 

for the case studies presented fosters their suitable application in practice.  

Keywords 

AutoML; Demand Forecasting; Sales Forecast; Machine Learning; Manufacturing; Production Planning 

1. Introduction

ML-based demand forecasting offers the possibility to reflect various influencing parameters (e.g. currency

exchange rates, sales region) and use those to identify complex non-linear patterns for forecasting future

demand [1]. Accurate predictions enable an adequate planning of the production and procurement processes

leading to less waste of resources (material, labour, capital) [2]. To foster the widespread use of machine

learning (ML) in an industrial context, automated machine learning (AutoML) gains in importance as it aims

to reduce the required knowledge in data science and time spend to set up a ML model [3–5]. Thus, it presents

a possible solution for overcoming the skill shortage in the field of data science, which is currently one of

the major barriers for the application of ML [2,6,7]. In addition, the shorter development time achieved by

automating parts of a ML pipeline makes ML solutions more economically attractive [4,8]. Thus, researchers
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investigated the benefit of AutoML solutions in different case studies across various use cases (e.g. other 

production planning and control (PPC) tasks [9] or healthcare [10]). However, studies in regards to demand 

planning [11–13] in the context of PPC [14] remains a research gap. This paper aims at closing this gap by 

answering the research question: “Can AutoML solutions support demand forecasting?”. The research 

question is embedded in the current state of research by highlighting the results of topic-related case studies. 

The third section presents the research methodology for achieving the objective of this paper. A generally 

valid answer to the research question is not the aim of this work, although it should be possible to make an 

assessment as broad as possible. To facilitate a comprehensive assessment, three AutoML tools in two 

production environments for forecasting demand of different product groups as well as for a short-term and 

long-term horizon are tested. Broad application enables a comprehensive evaluation of the prediction 

accuracy of the chosen AutoML tools and allows first conclusions for the use of AutoML solutions in 

demand forecasting. The fourth section presents the results of the research methodology used. The final 

section of the paper draws a conclusion and presents a future research agenda.  

In summary, this paper enhances the current research through its broad application and comprehensive 

evaluation and thus allows conclusions on the potential use of AutoML tools for demand planning. In 

particular, an automated approach is required for scaling ML [8], i.e. ML-based prediction across different 

levels of observation (e.g. total, product group, product) and on a horizontal axis (e.g. each product).   

2. Current state of research 

This section explains the concept of AutoML and presents existing case studies that deal with AutoML in 

demand planning.  

The herein used definition of AutoML was first introduced in 2014 and foresees an automation across the 

ML-pipeline [15]. The concept of AutoML has the objective to reduce the outlay of data scientists for ML 

projects and should instead enable domain experts to use ML methods without high level of statistical and 

ML knowledge [16]. More precisely, Yao et al. define AutoML as a combination of automation and ML and 

understand AutoML as an automated setup of a ML-pipeline with limited computing power and limited (or 

no) human support [17]. A common ML-pipeline consists of business and data understanding, data 

preparation, modelling, evaluation and deployment tasks, e.g. used in the industry-independent Cross 

Industry Standard Process for Data Mining (CRISP-DM) [18]. This framework is already used for demand 

forecasting [19–21]. The nature of the process involves feedback loops and continuous readjustments of 

assumptions, forming a life cycle process [18]. In particular, the processes of data understanding, data 

preparation, modelling and evaluation require the expertise of data scientists and could therefore be 

automated [5]: data preparation foresees to select features, clean and transform those as well as generate new 

features. The modelling process contains the choice of an algorithm and the optimization of its hyper-

parameters and for artificial neural networks (ANN) also the definition of the net architecture [18,5]. Various 

facets can be investigated during models’ evaluation, whereby the prediction accuracy is usually the focus 

[22]. The evaluation can take place when the algorithm converges during training or in order to save time as 

well as computing power, for instance a predefined budget of computing resources can be used as stop 

criteria [5].   

For demand planning, AutoML has already been used in several studies. The focus of these studies is 

primarily in the sales and marketing environment [11–13]. The study by Gonçalves et al. is the only 

contribution that investigates AutoML for demand planning in the context of PPC [14]. Ford et al. apply a 

self-developed AutoML solution for the products of an alcoholic beverage distributor. For this purpose, they 

generate forecasts for three horizons, 1 month, 3 months and 12 months, and include autoregressive methods 

and the average for a comparison. They use two univariate datasets and mean squared error as a quality 

criterion. The AutoML models achieve worse results, which are below the forecasting quality of the 
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autoregressive methods. For one of the datasets, which is characterised by a high proportion of noise, the 

average method achieves the best results [12]. Henzel and Sikora use AutoML to create ANN and compare 

them with manually created XGBoost and ANN models. They use a dataset of everyday consumer goods 

and focus on the impact of promotions on sales. The models created with AutoML are superior to both 

manually created models in 2 of 12 cases (according to root mean squared error (RMSE) and mean absolute 

error (MAE)), and better than the manually created ANN in all cases [13]. Dai and Huang create a Long 

Short Term Memory (LSTM) model with a special loss function, which they optimise with hyper-parameter 

search. For comparison, they create six ML models with AutoML, which they use as benchmarks. They use 

a sparse consumer goods dataset that contains causal information of sales (e.g. holidays, promotions). The 

authors use weekly and monthly data to forecast cumulative sales at the store level. The LSTM model 

achieves better results (according to mean absolute percentage error (MAPE) and root mean squared 

percentage error) compared to the AutoML models, whereby the performance of the LSTM model decreases 

with increasing forecast horizon [11]. Gonçalves et al. compare statistical (Naϊve, exponential smoothing, 

ARIMA, ARIMAX) and ML models (feed-forward ANN, random forest, support vector regression, 

recurrent ANN), including a model with AutoML. They forecast the demand for electronic components of a 

manufacturer from the automotive supply sector and follow a multivariate approach with various leading 

indicators. In particular, they investigate whether and to what extent a multivariate approach is superior to a 

univariate approach in different phases of the product life cycle. In the quality criterion normalized MAE 

(nMAE) used, AutoML achieves the fourth best performance (out of 9) on average across all phases of the 

product life cycle, with a considerable gap between it and the following statistical methods: Naϊve, 

exponential smoothing and ARIMA [14]. 

The studies presented show that AutoML models tend to perform worse than manually created ML models 

and better than statistical models. This is particularly the case with multivariate forecasts. For univariate 

forecasts and one-step forecasts, statistical methods tend to perform better. With the few identified studies, 

the described area of research is still underrepresented. Thus, further investigations in the field of demand 

forecasting, and especially in the context of PPC are necessary. To add to this note, continuous progress in 

the field of AutoML makes results of past studies hard to interpret for assessing the potential of current 

AutoML solutions. In addition, existing studies on demand forecasting have not yet compared several 

AutoML solutions. Thus, this paper contributes to the existing research by conducting a comparison of 

several AutoML solutions with statistical methods for the area of demand forecasting in the context of PPC.   

3. Research methodology 

The research methodology of this paper is of empirical nature. A transparent setup of different experiments 

enables an in-depth understanding of the limitations and benefits when using the chosen AutoML tools and 

facilitates researchers to transfer this methodology to different case studies as well as AutoML tools.  

To begin, the authors identified 31 existing AutoML tools. The pool of potential tools reduces to eight tools 

as only those tools fulfil the following criteria: they offer a test version or academic licence, can handle time 

series data and offer at least partial automatic data preparation. Of these, three tools are chosen as examples 

for the investigations in this paper: the AutoML solutions Microsoft Azure Automated ML, Google Cloud 

AutoML Tables and Dataiku Data Science Studio. To emphasise again, a selection of more than one tool is 

of importance to understand possible deviations across the tools. An aspect that was so far not analysed. 

ARIMA and exponential smoothing are taken as benchmarks as these methods are most commonly used in 

practice and do not require extensive data science knowledge [23,24]. For the investigation of the chosen 

tools, the following assumptions are considered with the objective to facilitate a comparable set up as well 

as test the AutoML solutions in different settings. Figure 1 shows these specifications that are structured 

according to the CRISP-DM phases (grey boxes).   
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Figure 1: Specifications of examinations 

The demand forecasts take place for two different companies: the retail goods company Walmart (case 1) 

and an anonymized company that manufactures industrial goods (case 2). In order to compare the forecast 

quality at different forecast horizons, a yearly and monthly forecast will be prepared [25]. 28 days and 52 

weeks are chosen as prediction horizons to analyse whether there are performance differences between a 

short- and long-term perspective. The aim is to obtain the total demand per product group (label attribute) in 

order to support decision-making processes, e.g. the decision on long-term supplier contracts and the 

acquisition of a new production plant from a long-term perspective or the timing of the procurement of 

bought-in parts and production from a medium-term perspective. To investigate how robust the AutoML 

solutions predict, it is of importance to test the tools on different demand patterns. This is the case for the 

chosen product groups, seven product groups for case 1 from the food, hobby and household sectors and ten 

anonymized product groups for case 2. The datasets are publicly available [26,27]. As the PPC is the focus 

of this work, the public datasets have been modified to remove the store/ warehouse levels. The datasets 

consist of 13,783 elements (case 1) and 18,270 elements (case 2) of daily demand per product group for the 

prediction horizon of 28 days. For the prediction horizon of 52 weeks, case 1 has 1,967 elements and case 2 

counts 2,600 elements of weekly demand per product group. Table 1 gives an overview of the different 

groups of features. Three main differences exist regarding the features. First, the dataset of case 1 counts 

more features that are descriptive then case 2. It contains additional information on the occurrence of public 

events and governmental support schemes of three US states. The dataset of case 2 lacks these features and 

only consists of the label attribute and the date. To test the tools on a multivariate setting, further time 

information (e.g. weekday, calendar week, year) are added. Secondly, when transforming the datasets from 

daily to weekly data, some features are excluded (e.g. weekday), transformed (e.g. event features) or added 

(e.g. calendar week). Thirdly, depending on the AutoML tool, further features are added: the ML tools of 

Microsoft Azure and Dataiku add information on school and bank holidays. This addition is only made in 

case 1, as the region is known, whereas it is unknown in case 2. Besides, Microsoft Azure Automated ML is 

the only tool that generates features about the seasonal and trend component of the demand time series as 

well as lag features for public events. Thus, this tool generates most features in comparison to the other two 

tools.  
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Table 1: Overview of features 

Initial feature group Case 1 Case 2 

Demand per product group (label) x x 

Time information (e.g. date, week) x x 

Public events x  

Governmental support scheme x  

Additional AutoML feature group  Azure Dataiku Google Azure Dataiku Google 

Bank- and school holidays x x     

Lag features for public events x      

Seasonal and trend components x   x   

Number of reflected feature groups 7 5 4 3 2 2 

x = part of the dataset     Azure = AutoML tool by Microsoft Azure     Dataiku = AutoML tool by Dataiku     Google = AutoML tool by Google 

The dataset of case 2 contained missing values that were replaced by zero to enable a proper use of the tools. 

Besides that, the selected AutoML tools perform the remaining data preparation (e.g. feature selection, 

feature generation, data normalization). By means of this paper, the objective is to investigate the 

performance of the automated ML processes. Thus, no further manual preparation takes place. Modelling 

bases also on the automated decisions of the tools. However, for facilitating comparable results, the test split 

corresponds to the forecasting horizon, optimization bases on RMSE and on a constant computing power 

available for training across all tools. For evaluation of the models, first it is outlined whether AutoML tools 

are able to create predictions that are better than Naïve forecasts and secondly, if those models perform better 

than the benchmark of statistical methods. The evaluation metrics nMAE, nRMSE, sMAPE, and mean 

absolute scaled error (MASE) are selected. MAE is to be used because it is an absolute and scale-based 

measure that has been used before in similar research projects. RMSE is also frequently used [13,24,28]. 

This paper uses the normalised version of MAE and RMSE (nMAE and nRMSE) so that a comparison over 

several time series is possible. The mean of the actual values of the forecast horizon is chosen for 

normalisation. The symmetrical variant of the mean absolute percentage error sMAPE is used as a percentage 

quality measure. This is more robust than MAPE and allows the evaluation of zero values. Both quality 

measures are frequently used in the evaluation of time series [24,29]. Hyndman & Koehler argue that the 

value of sMAPE can be unstable and instead recommend the use of MASE [30]. Thus, the last measure used 

is the relative quality measure MASE, which has been applied in several studies [23,24,30,31]. The Naïve 

method functions as a benchmark model for MASE. If the calculated value is below 1 the forecast is better 

than a Naïve forecast and vice versa [30]. The final phase, the deployment of models, exceeds the scope of 

this paper. 

Overall, the research methodology enables a comprehensive analysis of the potential from AutoML tools 

with regard to the prediction accuracy for the chosen use cases. By looking at different datasets with various 

demand patterns and different input features as well as multiple evaluation metrics, this paper contributes to 

the research field. The results help to understand the limitations and potentials of the observed tools in the 

investigated environments and lead to hypotheses for future applications. 

4. Results 

This section presents the results of the applied research methodology. The results relate to the best 

performing and thus chosen model of each AutoML tool as well as ARIMA and exponential smoothing.  The 

training of the respective models took 42 minutes to 100.2 minutes. The first part of the analysis is to check 

whether the prediction accuracy of the best performing model according to MASE per product group of case 

1 and case 2 is above or below 1 for both prediction horizons. In case 1, the predictions of at least one model 
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across all product groups are better than a Naïve forecast. However, in case 2, the provided predictions for 

product group 001, 007 and 011 for the 52-weeks horizon do not show sufficient results as they are as good 

as a Naïve forecast. As second part of the analysis, Table 2 summarizes the average results of the best 

AutoML tool in comparison to the best statistical model. For the following comparison, the product groups 

001, 007 and 011 are disregarded as they would otherwise distort the picture.  

Table 2: Prediction accuracy of the best AutoML tool in comparison to best statistical model 

Case  Horizon Best AutoML tool Best statistical method nMAE nRMSE sMAPE MASE 

1 28 days Azure Exponential smoothing +17.87% +18.96% +17.62% +23.88% 

 52 weeks Dataiku ARIMA +2.92% +7.99% +2.11% -4.46% 

2 28 days Azure ARIMA +18.81% +17.81% +8.05% +7.11% 

 52 weeks Dataiku* / Azure** Exponential smoothing -10.71% -10.08% -6.51% -10.85% 

* according to nMAE & nRMSE ** according to sMAPE & MASE 

It shows that the prediction accuracy of AutoML across the different experiments is in average in particular 

beneficial for the short-term forecast. The best performing AutoML tool in this case is Microsoft Azure’s 

tool. Table 2 displays, depending on the evaluation metric, an average improvement of 17.62% to 23.88% 

for the first case study and 7.11% to 18.81% for the second case study in comparison to the best performing 

statistical model. The long-term forecasting reflects mixed results. For case 1, three of four evaluation 

metrics reflect an improved prediction of AutoML by 2.11% to 7.99% in comparison to a statistical method. 

However, the MASE value indicates a negative effect of -4.46%. The results of the best performing AutoML 

model in case 2 show worse results (-6.51% to -10.85%) in contrast to the best performing statistical model. 

To get a more detailed picture of the prediction accuracy of each AutoML tool as well as the benchmark of 

statistical models across the different product groups, the following figure illustrates the distribution through 

boxplots of each model according to MASE.  

 

Figure 2: Box plot diagram of prediction accuracies from all product groups per model 

It shows that the results of the AutoML tool by Google varies the most. In one case the tool receives the best 

prediction accuracy (case 1, product group Food 3, prediction horizon of 28 days with MASE of 0.127) and 

in another case the worst accuracy (case 2, product group Category_001, prediction horizon of 28 days with 

MASE of 33.885) in relation to all product groups. For the other tools, differences between the two prediction 

horizons exist. On the short-term horizon, the tool of Dataiku varies the least (MASE between 0.175-1.139), 

closely followed by exponential smoothing (MASE between 0.156-1.200) and Microsoft Azure’s tool 

(MASE between 0.152-1.246). ARIMA has the lowest median with a MASE value of 0.651, but the second 

most variation of all values. The tool of Microsoft Azure points out the second lowest median. On the long-

term prediction horizon, Figure 2 shows that the prediction accuracy’s variation of the statistical models 

ARIMA and exponential smoothing is lower than the variation from the AutoML models. However, only 

the median of ARIMA (median MASE of 0.945) and Microsoft Azure (median MASE of 0.901) was lower 
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than one and is thus better than a Naïve forecast. Please refer to Table 3 for an overview of key statistics, 

also of the other evaluation metrics. When ranking the model according to prediction accuracy, in some 

cases the ranking differs when looking at different evaluation metrics. For example, the best performing 

model for the long-term horizon, thus the minimum value of considered metric, is in the case of MAE, 

nRMSE, sMAPE the ARIMA model and for MASE the tool by Google. However, when looking at the 

associated mean across all product groups of both case studies, ARIMA is the model in favour. 

Table 3: key statistics of investigated models across all product groups of both case studies 

 

Looking at the short-term prediction in most cases no big differences occur when comparing the average 

prediction accuracy of AutoML with the statistical benchmark. In 10 out of 17 product groups (58.8%) the 

average deviation equals to MASE of -0.02-0.18. The remaining seven product groups vary between -0.36 

and 11.08. The deviation is even lower when comparing the best performing model. There, only the product 

group Food 2 and 028 show a deviation of -0.53 and -0.76. Illustrative, the left side of Figure 3 presents the 

predicted demand of the best performing AutoML model (line-dotted line) and statistical model (circular-

dotted line) in relation to the actual demand of product group 028. The deviation of the remaining product 

groups is only -0.14-+0.14.  

 

Figure 3: Extract of predicted demand from selected models and actual demand 
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For the long-term prediction the average deviation between AutoML and the statistical benchmark is in 10 

out of 17 product groups between -0.31-+0.25. For the remaining seven product groups, five groups in favour 

of statistical models (in average 0.50-5.36 more precise than AutoML) and two groups in favour of AutoML 

(in average 0.68 and 0.85 more precise than the statistical benchmark). When looking at most precise model 

and not the average, the best performing model of six product groups deviates more than 0.5 between 

statistical and AutoML models: four in favour for AutoML (0.52-0.60 more precise than the best performing 

statistical model) and two in favour of the best performing statistical model (0.56 and 0.84 more precise than 

the best AutoML model). Product group 021, shown in Figure 3, corresponds to the biggest deviation in 

favour of the statistical benchmark, when looking at the MASE values. Thus, Figure 3 presents on the left 

side the biggest difference in favour of AutoML and the right side in favour of a statistical model.  

5. Conclusion and future research agenda 

The results show a mixed picture. On the one hand, some AutoML tools perform well in certain scenarios 

and far better than statistical models in a few cases. However, in other scenarios AutoML is less accurate 

than statistical models, even in certain scenarios by far. AutoML, namely the tools by Dataiku and Microsoft 

Azure, tend to predict more stable in short-term predictions, but ARIMA has a slightly lower median of 

MASE than Dataiku across all product groups. Especially for case 1, AutoML achieves for six of seven 

product groups the lowest MASE value. This could be due to the fact that descriptive features are part of the 

dataset. For case 2, where only additional time information exists, only in three out of ten product groups, 

an AutoML tool was prior to the rest. However, in average all models are performing worse than in case 1. 

The results of the long-term predictions for case 1 show that at least one AutoML tool performs best for four 

groups and that a statistical model is the preferred choice for the other three groups. The assumed advantage 

through more descriptive feature is not as clear as for the short-term prediction horizon. In case 2, at least 

one AutoML model predicts the demand of most product groups (6 out of 10) more precisely than a statistical 

model. However, the results of ARIMA and exponential smoothing deviate not as much as of the AutoML 

tools. The AutoML tool of Google seems to be most sensitive to the balance of data as some product groups 

were more frequently demanded than others. Especially in case 2, prediction accuracies for less demanded 

product groups (e.g. 001, 011, 015, 021, 024) are far above a MASE value of 1. Nevertheless, Google’s tool 

also trains the most accurate model with a MASE of 0.127 (product group Food 3). As this paper shows, 

AutoML can support on preparation tasks, modelling and the associated optimization of hyper-parameters 

as well as the evaluation of models. However, as this analysis expresses prediction results are not fully 

reliable yet. Further investigations should take place to understand the differences in performance. As a ML 

pipeline includes several assumptions, some aspects for further investigations are outlined: Firstly, modelling 

with more features should be conducted, to test the hypothesis that AutoML is in favour when predicting on 

a multivariate basis. The herein analysed datasets have only few features, which presumably explains why 

the models partially reach their limits when it comes to long-term forecasting. In addition, the test and 

training split should be varied to get further insights into an eventual over- or underfitting of a ML model. 

Also, to understand the sensitivity of AutoML tools further demand patterns, longer history of data, different 

settings of data preparation (e.g. keeping missing values), single and global models, prediction horizons and 

different case studies should be investigated. Moreover, further statistical models (e.g. ARIMAX), manually 

trained ML-models and fuzzy models could function as additional benchmarks that should be evaluated on 

prediction accuracy, running and implementation time. In summary, the results can help to find a sweet spot 

for the use of AutoML. This howsoever highly depends on the manufacturing setup, i.e. the required 

prediction horizon results e.g. from procurement time for materials, storage capacity and production lead 

times. It should be noted that the analyses are repeated regularly to examine the progress of AutoML/ ML 

over time.  
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Thus, in conclusion, the research question whether AutoML can support demand planning in PPC can be 

answered as following: this paper shows especially for short-term predictions good results for AutoML. 

However, for some demand patterns and less demanded product groups, the accuracy was not sufficient. 

Thus, AutoML can function for prototyping and can be part in business processes. When implementing into 

business processes the chosen AutoML tool should be regularly tested against a benchmark of different ML 

and statistical models. AutoML can significantly reduce the time spend to analyse the provided data as well 

as train and optimize different algorithms and can therefore be a first step for companies to test ML in their 

business environment. Therefore, it can help to ensure that domain expertise is effectively reflected in data-

driven models by enabling domain experts to use ML without having extensive data science knowledge. 

Nevertheless, ML and AutoML comes at the cost of models that are more complex and use more computing 

power in comparison to statistical models [32]. With the use of AutoML tools the understanding of the 

‘engine’ behind the models, for instance how the feature engineering or optimizing of the parameters from 

the algorithm take place, becomes less transparent as they are for most tools not visible in the user interface. 

In the future, aspects such as user-friendliness, transparency and trustworthiness of workflows should be 

considered next to the tools’ prediction accuracy, running and implementation time as well as robustness.  
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Abstract 

Supply chain maturity models urge increased collaboration among supply chain participants to achieve 

sustained competitive advantage through operational end-to-end visibility and transparency. Digital solutions 

provide the tools and technologies to enable Digital Supply Networks through inter-connectivity among 

supply network partners. A major challenge in improving digitalized operations is the divergence between 

‘official’ business processes that are mapped out with accountabilities assigned and the ‘de facto’ business 

processes that are executed. During business processes optimization and IT system enhancements, this 

mismatch between documented versus tribal business processes results often in inefficient, ineffective, and 

if not addressed early, infeasible digital solutions. In this paper, the authors outline challenges and their root 

causes by discussing possible resolution directions in the dimensions of organizational change management 

(e.g., connected customer), IT systems gaps (e.g., composable applications), and common datasets for digital 

operations and business process mining applications (e.g., digital twins).  

Keywords 

Business-IT Alignment; Business Processes (Re-)engineering; Digitalization; Digital Operations; Digital 

Supply Networks; Digital Technologies.  

1. Introduction

To improve the agility and resilience to disruptions of supply network operations enterprise decision-makers 

across all industries continue to invest heavily in Information Technology (IT) [1]. From a technological 

perspective, it can be expected major improvements due to decades of exponential advances in data processing 

power (Moore’s Law) [2], volume of data transferability (Butter’s Law) [3, 4], and storage density per dollar 

(Kreider’s Law) [5]. However, for several years, before being unveiled by the recent pandemic’s disruptions, 

supply chain innovation and performance have deteriorated for a majority of enterprises according to industry 

observers [6]. Assessing the effect of COVID-19 on supply chain performance, one observation is the failure 

of integrated supply chain IT solutions to provide “agility” [6]. 

Supported by anecdotal evidence of supply chain operations, the single most important supply chain 

management system is Microsoft Excel for its ubiquitous availability, versatility, and speed of adaptability. 

Both practitioners and researchers, seem to focus on a technology solution to a problem that is neither well 

documented nor researched in-depth. This paper aims to highlight the gaps in research and practice for 

Business Process Digitalization efforts in the context of Digital Supply Networks. 
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To achieve this objective, two guiding hypotheses are formulated: 

• The available academic and grey literature focuses on interpreting supply networks’ digitalization 

efforts as a technological challenge and provides frameworks and methodologies accordingly. 

• There remain significant gaps in academic research and industrial practice to address the interplay 

between business processes and (digital) technologies (i.e., business-IT alignment). 

To address these hypotheses, this paper provides a background on the state-of-the-art of Digital Supply 

Networks in Section 2. The research and practice gaps, as well as current approaches to bridge business 

processes and digital technologies, are reviewed in Section 3. Section 4 presents practical use cases for 

common pitfalls in business processes and digital technologies integration efforts. Section 5 provides 

discussion and research agenda, and the paper concludes in Section 6 with final reflections. 

2. Background 

Digital Transformation is on the top of the priority list for most manufacturing companies and their supply 

networks. Many are overwhelmed and struggling with the transition and tend to approach it mainly from a 

technological perspective (aka. ‘can we do it’ versus ‘should we do it’). Selecting an appropriate reference 

architecture for information systems integration and/or interoperability, and enabling frameworks and 

technologies (e.g., cybersecurity, internet-of-things, end-to-end connectivity, blockchain, big data, predictive 

analytics) for such endeavour is not an easy task. To some extent, this can potentially be traced back to the 

(over-)emphasis on “technology” when digital transformation topics are covered in the news and many 

academic papers. Often, technological innovation is in the focus and highlighted as the primary and at times 

only objective of Digital Transformation in the manufacturing industry and supply networks. However, the 

focus should be beyond technology adoption and aimed at developing “digital capabilities”. 

However, this “techno-centric” approach is doomed to fail in many cases if the underlying business processes 

are not critically evaluated and adapted to the changing (industrial) environment. Business processes should 

be properly (re-)engineered before being “digitalized” to exploit higher effectiveness levels enabled by the 

capabilities of the carefully selected digital technologies. Incorporating digital technologies such as smart 

sensor systems, 5G-networks, robotic process automation, cloud computing, data analytics, etc. requires 

rethinking the existing business process and envisioning the impact of their enabling digital technologies on 

a broader scale to capitalize on their digitalization opportunity. 

In the following, this paper briefly reflects on the current state-of-the-art in the related topics of business 

process modelling and (re-)engineering and digital transformation, and the digital technologies and their 

implementation frameworks available to support successful business processes digitalization. 

2.1 Business Processes & Digital Transformation 

Digital Transformation refers to the increase of digitalized business processes in an enterprise or supply 

chain resulting in the adoption and integration of information, communication, and operational technologies 

to create new and enhanced digitally-enabled operations. Furthermore, the application of business process 

optimization and re-engineering techniques has been recognized as a prerequisite for successful business 

processes digitalization to offer a high degree of contextuality and specificity to the transforming enterprise 

or supply chain [7, 8].  

However, even successful cases of proposed Digital Transformation Frameworks, for instance [8], struggle 

to formalize the operational levels of digital transformation. It seems that there is no clear distinction between 

(i) the digital transformation paths followed to digitalize an existing business process, and (ii) the engineering 

of a ‘born-digital’ business process based on newly available digital technologies. 
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2.2 Digital Technologies & Digital Transformation Frameworks 

We have recently crossed the 10th anniversary of the Fourth Industrial Revolution, or Industry 4.0 era, which 

came alongside the introduction of new digital technologies such as “cyber-physical systems”. These 

technologies enable us to connect the physical with the virtual world and bring forth tremendous (digital) 

opportunities as well as challenges for the design of next-generation production systems, specifically 

including their supply networks. The core principles of connectivity, virtualization, and data utilization [9] 

can take on various forms and provide numerous benefits across companies, supply networks, and even 

whole industries such as operations with higher visibility, transparency, predictability, and adaptability 

levels. Various innovative digital technologies are associated with this new industrial transformation, which 

is often wrongly reduced to the implementation of such technologies. As previously argued, it is believed 

that this “techno-centric” approach is posing a significant problem and it needs to be approached more 

strategically, using a combined approach of carefully reassessing the status quo of business processes and 

(digital) technologies, and then defining their future state more holistically. 

2.2.1 Digital Technologies 

Digital transformation efforts are often reduced to new digital technologies adoption, without including the 

pursuit of innovative and digitally-enabled business and operating models. Supporting this “techno-centric” 

approach, there is a large body of literature covering the characteristics and enabling factors of these new 

digital technologies. Prominent recent examples with significant citations include [10, 11, 12] among several 

others. While the various papers identify slightly different technologies and technology clusters associated 

with digitalization (and smartening) efforts, overall, these are consistent in what technologies are covered. 

A meta-analysis can extract 10 key digital technology clusters [13]: 

(i) artificial intelligence, machine learning, and advanced simulation; (ii) cloud, fog, and edge computing; 

(iii) additive manufacturing, (iv) industrial internet-of-things and cyber-physical systems; (v) augmented 

reality, virtual reality, and digital twins; (vi) automation and robotics; (vii) cybersecurity; (viii) blockchain; 

(ix) smart sensor systems; and (x) 5G-networks. 

All these technologies have received significant attention from industry, academia, and mainstream media 

over the last decade. Their business applications are evolving and the pressure for companies to at least have 

some active projects deploying some of these technologies is increasing. The tangible results however are 

sobering with many of these projects ending up with a ‘successful’ proof-of-concept, yet rarely transitioning 

into productive and value-adding use in enterprise-wide operations. Often termed the “pilot purgatory” [14], 

this challenge can partially be traced back to the lack of flexibility and awareness of the procedural 

requirements of the operations – and how they align with what advances the new digital technologies offer.  

2.2.2 Digital Transformation Frameworks 

Given the novelty and presence of new digital (and smart) manufacturing paradigms in trade publications, 

daily news, and overall public discourse it is not surprising that companies feel pressure to engage in 

activities targeting the adoption of digital technologies. To support this adoption, there are an increasing 

number of support systems available, ranging from maturity models [15] to dedicated decision support 

systems [16]. In the process, the manufacturing community also realized that support requirements for small 

and medium-sized enterprises differ from multinationals significantly [17]. Hence, dedicated models emerge, 

developed for various industries [18], company sizes [19], and application areas [20]. 

It has to be noted that most of the support systems are either targeting a generic, high-level, or a very defined 

process or technology. Rarely do these support systems address both comprehensively and allow for a critical 

assessment of current business processes and technological aspects at the same time. A reality that is very 

surprising to see in the industrial practice considering the academic efforts over the last decades of providing 
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enterprise architectures and frameworks for business-IT alignment, and information systems integration 

and/or interoperability [21].  

3. Research and Practice Gaps of Current Digital Transformation Approaches 

The ongoing divide between the domains of business process optimization/(re-)engineering and technology 

implementation has been extensively studied in the existing scientific literature provided by the Enterprise 

Architecture discipline under many Business-IT Alignment Frameworks [21]. Moreover, this disconnection 

between technological capabilities (i.e., ‘how to do it’) and the expected business value of their enablement 

(i.e., ‘should a particular (combination of) technology cluster(s) be applied’) is frequently observed in the 

industrial practice – and regularly causes issues in many digital transformation efforts. 

While business processes excellence and technology clusters excellence are often achieved individually, the 

connection and understanding of their interdependencies seem to be lacking, mainly in industrial practice. 

Significant research in business processes innovation regularly refers to classic literature [22]. However, the 

majority of publications on “business processes engineering” focus on the need to reinvent the business 

processes and only addresses technology as a subordinate topic. A possible reason is the comparative novelty 

of digital transformation efforts – with the rapid growth within the last decade – and the majority of business 

process literature emerging before that threshold seems to be one important aspect of this disconnection. 

Although there are multiple alternatives to map business processes, no dominant one exists [23] that is 

universally accepted as a standard. Neither is explicitly considering the employed resources for a process task. 

While the Business Process Modelling Notations (BPMN) are not explicitly limited to specific processes, only 

the Supply Chain Operations Reference (SCOR) model [24] explicitly aims to cover the business processes 

beyond the individual organization. However, despite its targeted application to supply chain management, 

it does not go beyond observing the employed resources if at all, even in its revised edition [25]. The more 

recent Digital Capabilities Model (DCM) [26] considers the technological requirements and maps these onto 

two levels of detail for the business processes model, which includes the inter-connectivity of sub-processes. 

However, the business processes are not detailed to task flows, so it is not clear whether it can serve to 

leverage the (digital) technologies to optimize the business processes. In addition, neither of the described 

models covers events or results provided by external roles such as roles outside direct managerial control. 

Except for entirely, vertically integrated enterprises (from primary resources to final consumer), business 

process tasks depend on external inputs from suppliers, distributors, or others. Yet, technologies that would 

facilitate the interaction of roles across these supply chain partners are not mapped. 

Approaches comparable to Value Stream Mapping [27], which is a methodology enabling the reduction of 

waste in manufacturing settings, do not seem to exist for evaluating the quality of a given business process. 

Applications in process mining [28] focus on the three aspects of discovery, conformance, and enhancement 

but do not investigate the process flow in terms of roles in swim lanes, employed technology, or data source 

– essential components of any digital transformation project. 

The more financially focused Cost-to-Serve Methodology derives the cost of a given business process to 

deliver customer value [29]. The underlying assumption is that business processes excellence drives down 

cost-to-serve but given the lack of a process excellence measure, it remains uncertain whether any 

improvements have reached a global cost optimum. 

4. Multiple Use Cases as Evidence for Common Pitfalls of Business Processes and IT Integration  

Given the dearth of available research, the analysis of multiple case studies, derived and anonymized from 

recent consulting engagements, supports and highlights the discovery of typical shortfalls in business 

processes re-engineering in its practical application today. Across differences regarding industries and/or 
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products, the case companies exhibit and report similar shortfalls across the board. The investigated domains 

in this paper to identify shortfalls transition from intra-organizational focus to inter-organizational, and 

include (i) decision engineering, (ii) intra-process quality, (iii) intra-company process alignment, (iv) inter-

company process synchronization, and (v) process-technology alignment. To facilitate and enable a better 

comparison of the identified process shortfalls and control for some bias, only small and medium-sized 

enterprises in the manufacturing sector were included. 

Table 1. Analyzed Case Studies 

Use Case Core Product Segment 

Apparel Fiber manufacturer 

Home-appliance electronics Handheld electronic devices 

Medical supplies Medical supplies and consumables 

Elevator manufacturer Elevators 

 

− Process & Customer Value Alignment: Shortfalls in this domain result from a misalignment 

between customer value, which is achieved from decision-making and the executed business process. 

Colloquially, the process roles in such a shortfall are busy but not effective. 

o Apparel – a lot of data, no clarity of value generation. The case company had been collecting 

data from internal and external sources to understand the supply and demand patterns along 

its value chain. The results were synthesized in a digital twin of its value chain to prepare 

reports and dashboards. However, the key challenges were that the customer of such analysis 

was not involved in the design process, so the backwards-looking analysis was not able to 

provide value for forward-looking decision-making. 

− Process Completeness & RACI Consistency: Even for cases in which a business process generates 

value; a shortfall may be the completeness and consistency of role assignment. The process only 

works from end-to-end because of exceptions, for instance, roles disregard the process to accomplish 

activities, or the activities are not recognized as dependent, and issues are resolved only during 

escalations. 

o Home-appliance electronics – lifecycle management decoupled from operations. For a 

home-appliance manufacturer, the business process had been mapped – also to a high degree 

of granularity following existing best practices – within functional boundaries. The challenge 

of missing inter-functional (“cross-silo”) coordination was only noticed when manufacturing 

outsourcing initiatives stalled. The existing cross-functional gaps were no longer manageable 

within the organization and caused ‘supplier-relationship’ discord during new product 

introductions when sales plans could not align with supply plans because the bills-of-

material were not released yet from engineering and the contract manufacturer did not 

receive the demand signal to prepare machine capacity. An issue that did not exist before 

when inter-personal relationships ensured that all functional departments were aware that 

new products were about to be released. 

o Medical supplies – a process making use of an advanced planning system does not address 

the required process coordination across functions. For a medical supplies manufacturer, the 

rollout of an advanced planning system in its supply chain function was expected to bring 

many improvements. When the expected improvements in supply responsiveness did not 

materialize, the root cause was eventually identified as ad-hoc plan reviews between the 

supply planners and the manufacturing lead. To improve overall plant performance, the plans 
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were reviewed, manually improved and then modified in the system. However, the shortfall 

in supply responsiveness was unattainable in the first place due to gaps in the system 

configuration. 

− Process Alignment: In particular, companies with multiple facilities/plants/locations, but also in 

cases where more than one employee owns a process role, are susceptible to this shortfall. This 

shortfall may exist in multiple processes for the same plants (process boundaries). 

o Medical supplies – organizational alignment to execute processes diverges between plants. 

At a manufacturer of medical supplies, its processes across plants even for the same product 

categories and with supposedly templated IT infrastructure were unable to standardize their 

intra-plant business processes to enable top-down management control for increased supply 

chain agility. The reasons were that individual legal structures resulted in slightly different 

reporting lines and stakeholders’ management, the templated IT infrastructure had slight 

differences in the order fulfilment for tax reasons (e.g., under which customer order status 

inventory was consumed), when activities like production declaration occurred and were 

entered, and multiple others. Each amalgamation of reasons proved intractable without 

introducing additional systems support. 

− Process Synchronization beyond the Silo: The inability to manage external business process 

partners directly may lead to shortfalls in synchronizing across departmental functions (i.e., “silos”) 

and across supply network partners. 

o Medical supplies – a business process requires activities to be carried out by suppliers or 

customers, but this will not be modelled in a traditional business process map. For a medical 

supplies manufacturer, interactions with customers (i.e., medical care providers) were 

challenging. The order fulfilment is required to input in terms of inventory levels under 

consignment at the customer and their consumption, as well as confirmation of proposed 

replenishments. The timing of the input delivery was questionable and data quality was 

uncertain. The resulting poor quality of replenishments was compensated by customer 

reviews of the orders which in turn resulted in changes in quantities and potential delays in 

approving the replenishments. While these operational issues are not unusual, the business 

process mapping did not indicate the extent of challenges and the repercussions in other 

activities in the business process. 

− Process & Technology Integration: The quality of the business process mapping and the technology 

choice can fall short in optimizing the process by rethinking the required activities and the employed 

technology. 

o Elevator manufacturing – process redesign ignores technology leverage. For an elevator 

manufacturer, the business process innovation of the order fulfilment was approached with 

management buy-in and bottom-up involvement to address shortcomings in the existing 

process. The challenge occurred when, after the future business process was fixed, the hand-

over to the IT function indicated that several technology solutions were ignored (e.g., 

increased supply chain visibility in the planning systems, push notifications instead of 

periodic checks for order updates, switch to a new project management system to replace the 

ageing one, etc.). Thus, the business process was optimized within the given organizational 

hierarchy and systems landscape, but the process was not optimized. 

The five identified types of shortfalls for turning business processes into “digital operations”, seem to be 

recurring. While not an exhaustive study of industry cases, two cases per shortfall type are provided. Despite 

the occasionally multiple shortfalls per use case, it should be noted that most of these companies have been 

able to grow in terms of revenue and/or profit for several years. This indicates that the shortfalls are not 

operational blockers. However, it must be noted that these shortfalls are observable at the end of multi-year 

digital transformation programs. While the analyses do not detail the extent of the shortfalls at the beginning 
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of these digitalization efforts it is safe to assume that the desire is to improve efficiency in the business 

operations (i.e., one or more business processes). 

How these shortfalls are effectively bridged has not been exhaustively studied. However, in each industry 

case, the prevalence of manual intervention and the use of Microsoft Excel on the lower hierarchical levels 

is obvious. These companies have been visited regularly by one of the authors of this paper and the computer 

screens of the industry case employees rarely show integrated systems. 

5. Discussion and Research Agenda 

To support end-to-end supply networks’ digitalization towards “digital operations”, business processes and 

their IT must be well aligned. This implies as discussed that business processes and IT models of different 

supply network partners become integrated and/or made interoperable with each other. For such endeavour, 

three different approaches are commonly discussed in the literature [30]. The first approach focuses on the 

IT alignment problem and addresses it with service-oriented architectures to support information systems 

interoperability [31, 32], the second approach focuses on business processes alignment to make them 

executable across supply network partners by using orchestration or choreography languages [33], and the 

third approach focuses on business-IT alignment methods for detecting and correcting misalignments in a 

“two-way” [34]. These approaches have been well studied, nevertheless, these remain rather vague in the 

industry in terms of how to define and practice their “threefold alignment” [30] to sustain digital supply 

networks integration as business processes requirements and digital technologies evolve [35, 36].  

Moreover, the fusion of business (processes) and IT strategies, their ideal alignment, in a Digital Economy 

(or Industry 4.0 era) seems to be inevitable. A phenomenon that nowadays practitioners and researchers refer 

to as “Digital Transformation”, given the rising importance of digital technologies for the competitiveness 

of business processes. Therefore, companies and their supply networks need to aim beyond business-IT 

alignment in their business processes digitalization efforts and understand the differential value of digital 

technology for enhanced business processes performance, and how digital and hybrid business processes can 

leverage new digital capabilities such as visibility, transparency, predictability, and adaptability for the next-

level of business processes performance and competitiveness [37]. 

Lastly, as the debate continues on how to successfully transform the operations of companies and their digital 

supply networks into high performance and competitive “digital operations”, three indispensable research 

and practice lines emerge for the Next Generation of Business-IT Alignment Frameworks, also referred to as 

Digital Transformation Frameworks [38]: (i) How to improve the value derived from IT and digital 

technologies by using data analytics and machine learning solutions, (ii) How to enable agility by tapping 

into “cloud” scalability to increase or decrease IT resources as needed to meet the changing demand, and 

(iii) How to couple digital technologies with business strategies for the new “digital business strategies” 

required for a renewed Digital Economy.  

6. Conclusions and Further Research 

This paper has identified business processes as a potential resolution for the limited success in digital 

operations in companies and their supply networks. Scientific and grey literature, as well as multiple industry 

cases, indicate a research and practice gap in the successful digitalization of business operations; while the 

existing literature focuses mainly on the technological aspects of business processes digitalization efforts, 

the business processes (re-)engineering aspects appear to have been neglected in a much-needed business-

IT alignment for successful digital transformations.  

The two main limitations of this research paper are the selection of industrial use cases and the scope of the 

literature review. The industry cases may be a self-selected group, which has more process shortfalls than 
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the population of cases. Also, the examined cases may not be an exhaustive selection of all possible process 

shortfalls. An extended scope of literature review, possibly including more grey literature, may yield more 

results on the aspects of business process quality assessments.  

Further research shall include a more detailed guideline to resolve the identified shortfalls, either individually 

or holistically. To do so, a detailed analysis of the enablers for continued operations despite the shortfalls 

can be expected to be helpful. 
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Abstract 

Additive Manufacturing (AM) technologies become increasingly relevant for manufacturing companies. 

Despite having the highest share of AM applications, end-use parts are mostly used for spare or special parts 

and rarely within series applications. This paper addresses the challenge of practically implementing AM 

series production into industrial environments by means of a requirements analysis. It proposes a 

methodology on how to record, prioritize and meet requirements for AM production shops. 

Successful implementation demands understanding of the requirements for AM production shops from both 

a factory and an AM perspective. Quality Function Deployment (QFD) is chosen as a methodology for the 

requirements analysis. It offers a framework for structured collection and weighting of the requirements 

identified through expert interviews with AM users and system manufacturers. Subsequently, measures and 

a basic plan of action on how to implement AM series production into production shops are defined. 

The analysis reveals seven requirements for AM production shops within the categories spatial organization, 

process chains and flow systems. Most of them concern process chains, making these primary obstacles 

towards additive series production on the technical side. Substantial requirements are high process stability, 

fast process chains and the reduction of manual post-processing.  

Different advancements are necessary on the AM and the factory side. On the factory side, measures that 

form synergies to conventional manufacturing technologies, such as cross-usable quality assurance systems, 

are favorable. On the AM side, focus lies on the enhancement of physical and digital process chains. 

The results show that implementing AM production shops requires joint and interdisciplinary developments 

by AM users and system manufacturers. Further research and a larger sample are needed for validation as 

well as practical realization and advancement of the identified measures. 

Keywords 

Additive Manufacturing; Additive Manufacturing Production Shops; Additive Factory Structures; Quality 

Function Deployment; Requirements Analysis 

1. Introduction

Conventional manufacturing technologies have reached full process maturity. They struggle to address the 

complexity of global market structures and customer requirements on individualization. To fulfill customer 

requirements and remain competitive, the flexibility of production systems becomes critical to success for 

manufacturing companies. These demands necessitate technological development and a redesign of 

production shops. [1] 

In this context, additive manufacturing (AM) becomes increasingly relevant for manufacturing companies. 

AM technologies facilitate cost- and time-efficient as well as tool-free part production allowing for 

individualization and complexity for free. Profound development of AM technologies has led to a shift from 

prototyping and special part applications to industrial manufacturing of end-use parts [2]. Despite having the 
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highest share of AM-applications by now, end-use parts are still rarely produced within series applications 

[3,4].  

Therefore, this paper addresses the reasons preventing the implementation of AM series production in 

industrial environments by means of a requirements analysis for AM production shops. 

2. State of the Art 

This chapter gives an overview on industrial AM and applications. Further, research on the implementation 

of AM series production in production shops is introduced. 

2.1 Industrial AM 

AM technologies produce parts from 3D model data by joining material layer by layer, as opposed to 

subtractive and forming manufacturing technologies [5]. The technologies are classified in seven process 

categories according to DIN EN ISO/ASTM 52900 [6]. Additional to the mere manufacturing process, AM 

requires pre- and post-processing operations, inter alia for meeting part requirements, resulting in AM 

process chains. Though differentiation depending on the AM technology, Figure 1 displays a generic AM 

process chain. 

 

Figure 1: Generic AM process chain based on [7]  

Industrial AM describes process chains with a maturity level high enough to compete with conventional 

manufacturing processes [8]. As of today, AM finds industrial use in highly complex and variable product 

programs or small batch sizes, for example in mass customization and mass complexity manufacturing 

applications. Further, AM facilitates strategies such as spare parts on-demand and digital warehouse. 

Additionally to these end-use part applications, low-volume series parts also begin to establish. The degree 

of the industrial integration of AM significantly depends on both industry and use-case [9].  

2.2 Additive Series Production in Production Shops 

According to HALEEM AND JAVAID, large-scale integration of AM series production in production shops 

necessitates the consideration of AM as a digitized manufacturing technology and the fulfillment of the 

principles of modern, networked factories [4]. BREUNINGER ET AL. identify needs for adaption in the 

following fields of a production system for the implementation of AM series production: Spatial 

organization, product design methodology, quality, organization of logistics, handling of material and 

process flow [10]. YI ET AL. address the integration of AM into manufacturing systems in the form of a 

holistic enterprise approach, emphasizing the need for quality assurance (QS) systems [11]. The main 

obstacles identified are a lack of know-how and high risks associated with the introduction of not yet widely 

established technologies. According to the authors, further research is needed regarding process chain and 

manufacturing-related barriers as well as counteractions. KYNAST ET AL. identify the use of automated 

process chains planned over the entire manufacturing process as a requirement on a continuous additive 

process chain integrated into a manufacturing system [12].  

DERADJAT AND MINSHALL record requirements for mass customization within the segments technology, 

operations, organization and internal and external influencing factors through case studies. Identified 

requirements are, inter alia, front-end software solutions, simplification of material handling, speed and 

stability of process chains, part design, employee trainings as well as supplier chains and business models. 

[13]   

 Data preparation
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2.3 Interim Conclusion 

The state of the art shows the relevance of AM for series production. Requirements for the implementation 

of AM series production already exist. However, approaches lack a methodology for the assessment of these 

regarding priority, applicability, usability and specification. This causes a gap between the weighting of the 

requirements and the defined targets, making the implementation of AM production shops more difficult. 

Previous research does not holistically consider the role of factories as production systems in fulfilling 

requirements, but rather focuses on the optimization of mere AM processes. This research approach closes 

the gap by using Quality Function Deployment (QFD) to record, prioritize and meet requirements for AM 

production shops from both an AM and factory perspective. 

3. Methodology 

Following, the pursued methodology is introduced through the QFD, the application of a house of quality 

(HoQ) as well as the data collection. 

3.1 Quality Function Deployment 

QFD is a methodology developed for planning products and processes. It focuses on the voice of the 

customer as the foundation for product design. First, customer requirements on the usability of a product are 

recorded and considered in the product development process. Second, based on customer requirements, 

design specifications and competitive analyses are carried out. Additionally to the design and optimization 

of products, QFD represents a methodology for planning tasks along the entire company value chain. QFD 

facilitates the accomplishment of planning projects, such as strategy, organization and technology planning. 

[14] The results determined through QFD can be illustrated through a HoQ.  

Building on the results, measures for the optimization and development of products and planning processes 

can be derived by applying QFD, making it a favorable methodology to conduct a requirements analysis for 

AM production shops. 

3.2 Application of a House of Quality 

The general setup of the HoQ is shown in Figure 2 and follows the subsequent steps [15,16]. Depending on 

the planning object, not all steps must be performed. In this research approach, the planning object consists 

of the integration of AM series production in a production shop. Two HoQ are built due to the separate 

consideration of measures on the AM system manufacturer and user side. 

 

Figure 2: General setup of the HoQ 

B. Planning

Matrix
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A. Customer requirements 

Firstly, requirements that must be met to enable the use of AM in series production are recorded. Data 

collection tools serve this purpose. Secondly, the requirements are analyzed and interpreted to avoid 

doubling. Thirdly, sorting of the requirements into groups defined by the topics of the planning object takes 

place. Lastly, weighting of the requirements selected for the HoQ is conducted, taking into consideration 

additional data from market analyses. 

B. Planning matrix 

The planning matrix contains different representations, depending on the planning object. In the context of 

this research proposal, it reflects whether requirements must be implemented on the AM system 

manufacturer or on the factory side. 

C. Technical measures 

To fulfill the customer requirements recorded, technical measures are defined which are directly related to 

the requirements. Further, each measure requires measurable development potential. A target value and an 

optimization direction are assigned to each measure. 

D. Relationship matrix 

The relationship matrix shows the extent to which the technical measures contribute to meeting the identified 

customer requirements. Data from market analyses support this estimation. Predefined symbols represent 

the relationship between technical measures and customer requirements. 

E. Correlation matrix 

The correlation matrix, representing the roof of the HoQ, shows how the change of one technical measure 

affects other measures. Negative influences are considered separately in this step and taken into account 

during the planning phase. They represent the basis for trade-off decisions regarding the implementation of 

measures. 

F. Technical matrix 

In the final step of the QFD, a competitive comparison is carried out between the measures. For this purpose, 

market analysis data is evaluated with regard to target fulfillment of the measures. Following, their target 

fulfillment level is weighted against competing products. 

3.3 Data Collection 

Additionally to systematic literature research, expert interviews are conducted for the recording of 

requirements for the QFD. These are conceptualized on the semi-structured interview method, facilitating 

the obtainment of exclusive expert knowledge in the field of AM series production in industrial environments 

[17]. To integrate perspectives from different industrial sectors and companies into the requirements 

analysis, respectively four experts of both AM system users and system manufacturers are selected. To 

ensure optimum contribution to the research proposal, all interview partners have direct relation to either 

additive series or final part production. 

A structured expert survey is conducted through a questionnaire in an online survey tool. Data collected 

through this method are used to quantitatively evaluate the aspects relevant to the research question. The 

design of the questionnaire is based on the elements of the HoQ with aspects to be collected mainly relating 

to the planning and relationship matrix. For measureable and comparable results, the questionnaire consists 

of only closed questions [18].  

The majority of the questionnaire is based on an ordinal scale, describing the contribution of technological 

advancements to the fulfillment of requirements for AM series production. As a common instrument to 
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determine the position of ordinal scales, the median of the results is used for evaluation. For a congruent 

data basis, questions with an interval scale are also evaluated using the median. The sample size is N=22, 

which consists of industrial AM users (27.3%), AM users in research institutions (36.4%), AM equipment 

manufacturers (22.7%) and other AM users and experts (13.6%). Most participants are AM department and 

project managers, as well as employees in research and development.  

4. Results 

The presentation of the results is structured according to the HoQ, including customer requirements, planning 

matrix, technical measures, relationships, correlations as well as a holistic integration. 

4.1 Customer Requirements 

As the aim of this study is the design of development measures for the integration of AM series production, 

only requirements relating to areas with further development needs are considered. All parties directly 

involved in the concept implementation for AM production shops are considered stakeholders of the 

planning object. The focus is on AM system users on the production shop and AM equipment manufacturers 

on the technological side. The identified requirements are weighted on a scale from “1” to “5” according to 

the results from the expert survey, with “1” having lowest and “5” having highest priority. Table 1 visualizes 

the recorded requirements, their classification according to structural factory areas as well as their weighting. 

Table 1: Requirements identified through expert interviews 

Structural  

Area 

# Requirement Definition Weighting 

Spatial 

organization 

i Good integrability into existing 

processes 

Adaption of manufacturing 

and post-processing operations 

of AM and conventional 

manufacturing 

3 

Process chains 

 

ii Fast process chains Minimization of lead times 4 

iii High process stability Avoidance of unplanned 

downtimes and repeatable part 

quality 

5 

iv Little manual post-processing 

effort 

Part separation from build 

plate, removal of support 

material 

4 

Flow systems 

 

v Simple material handling Easy material supply and 

avoidance of material loss & 

contamination 

2 

vi Automated material flow Integration of AM materials 

into an automated in-plant 

material flow system 

2 

vii Continuous information flow Avoidance of information 

losses and media 

discontinuities within stations 

2 
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4.2 Planning Matrix 

Based on the requirements recording, the planning matrix states whether the responsibility for addressing 

the requirement is assigned to AM users (production shop) or AM system manufacturers (AM processes). 

According to the results, process chain related requirements must be addressed through AM processes. In 

particular, “fast process chains”, “high process stability” and “little manual post-processing effort” are 

assigned to the AM process side by the survey participants. Flow system related requirements however are 

more likely to be addressed within the production shop. Material handling is identified as an important 

requirement.  The fulfillment of simple material handling has a weak tendency towards implementation on 

the production shop side. The described tendencies remain mostly unchanged even under separate evaluation 

of the results from AM system manufacturers and users. 

4.3 Technical Measures 

In order to address the fulfillment of the requirements, measures for further developments on the AM system 

side (Table 2) and production shop (Table 3) are derived, dividing the analysis. For each defined measure 

on either side, a matching measure on the other side is defined to facilitate a comparison of both analyses. 

The definition of a target value and optimization direction enables the evaluation of the development status 

of each measure. These values are based on the results of the expert interviews and directly related to the 

previously defined requirements.  

Table 2: Measures on the AM system side 

# Measure Definition Target Optimization 

Direction 

1 Communication 

capability of 

manufacturing equipment  

Increasing degree of automation 

through interfaces enabling 

intelligent networking 

Versatile 

interfaces 

Improve  

2 Software solutions of 

manufacturers  

Software solutions to be 

integrated into PPS system 

Cross-process 

planning and 

control 

Fix target 

value 

3 Machine robustness  Shielding of workspace against 

external influences (humidity, 

contamination) 

No external 

influences 

Fix target 

value   

4 Integrated post-processing  Include post-processing steps, 

e.g. part cleaning or support 

removal into machine 

Comprehensive  Improve  

5 Material supply to 

machine  

Improvement of interfaces for 

material supply to and material 

removal from machine 

Closed materials 

cycle 

Fix target 

value 

6 In-situ quality control  Detection of defects during 

manufacturing process 

Real-time analysis 

of production data 

Fix target 

value 

 

Table 3: Measures on the production shop 

# Measure Definition Target Optimization 

Direction 

7 IT infrastructure 

communication capability 

Adaption of ERP system to 

simplify the integration of new 

Versatile interfaces Improve  
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technologies and resulting 

planning tasks 

8 Product design software Tools to optimize product 

design for AM processes 

AI optimization of 

manufacturing data 

Improve 

9 Machine environment Avoiding temperature and 

humidity fluctuations as well as 

contamination 

Clean room Fix target 

value 

10 Peripheral post-

processing equipment 

Camera systems to 

automatically detect and initiate 

necessary post-processing steps 

on assigned machines 

Comprehensive Improve 

11 Material supply  Automated material flow on the 

production shop, e.g. through 

automated guided vehicles 

Automated Improve 

12 Post production quality 

control 

Automated quality control 

using non-destructive methods 

to detect e.g. surface finish, 

dimensional accuracy  

Line-integrated Fix target 

value 

 

4.4 Relationships 

The relationship matrix represents the body of the HoQ. Therefore, it is an important step within the final 

evaluation of the QFD. Input data for this step are derived from the results of the questionnaire. Participants 

answer the question, “How does an improvement of the following design fields contribute to the fulfillment 

of requirement X?” The response options are “not”, “weak”, “medium” and “strong”, resulting in an ordinal 

scale. Measures assessed as non-contributing are not displayed in the correlation matrix. Measures 

influencing the fulfillment of requirements are marked with symbols based on a common representation of 

the HoQ: 

 Weak correlation: △ 

 Medium correlation: ○  

 Strong correlation: ●  

The implementation of measures with strong correlations is recommended for prioritization to meet 

requirements.  Figure 3 shows the relationship matrix between requirements and measures for AM processes 

and production shops. 

 

Figure 3: Relationship matrix for AM processes (left) and production shops (right) 
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4.5 Correlations 

The correlation matrix shows how the measures influence the fulfillment of each other, both positively (+) 

and negatively (-). It is developed based on data of today’s industrial manufacturing processes and findings 

from the expert interviews. The correlation matrix for AM processes and production shops according to the 

defined measures in Table 2 and Table 3 are visualized in Figure 4. 

 

Figure 4: Correlation matrix between measures for AM processes (left) and production shops (right) 

4.6 Integration of the Results 

For integration and analysis of the results, the absolute weighting of the measures is determined. For this 

purpose, the symbols of the relationship matrix are assigned numerical values: 

 Weak correlation “△” – 1 

 Medium correlation “○” – 3  

 Strong correlation: “●” – 5   

To determine the total weighting of a measure and therefore the prioritization for implementation, the 

respective entry of the relationship matrix is multiplied by a requirement’s weighting. The results are added 

up to the total weighting for each measure. Following formula is used for calculation: 

𝐺𝑖 = ∑ 𝐺𝐴𝑘 ∗ 𝐵𝑘𝑖𝑘     (1) 

𝐺𝑖 = Absolute weighting of measure i 

𝐺𝐴𝑘 = Weighting of requirement k 

𝐵𝑘𝑖 = Relationship matrix entry 

The results are displayed in Figure 5. 

 

Figure 5: HoQ for measures in AM processes (left) and production shops (right) 
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5. Discussion and Conclusion

The evaluation of the requirements analysis reveals that requirements for an AM production shop must be 

met primarily through the development of process chains. The greatest need for further development is seen 

in the requirement for high process stability. Requirements for fast additive process chains and little manual 

post-processing effort also have high priority for the industrial use of AM. On the technical side, the 

development status of process chains within a production shop represents the greatest obstacle towards 

additive series production. Lower development need is attributed to requirements relating to flow systems 

within a factory.  

This analysis allows drawing of initial conclusions on the greatest challenges in implementing an AM 

production shop at the current state. However, the derivation of further technological developments requires 

the consideration of sectors and technologies influencing the fulfillment of the requirements. Therefore, 

measures are evaluated revealing that further developments must be designed differently on an AM system 

manufacturer’s perspective (AM process side) and AM system user’s perspective (AM production shop).  

Analyzing the weighting of the requirements, measures on the AM process side are mostly weighted higher 

than those on the AM system user side. The highest weighted measure is improvement of the communication 

capability of manufacturing equipment (measure 1). On the production shop side, measures that form 

synergies to conventional manufacturing technologies, such as cross-usable quality assurance systems, are 

favorable. Non-destructive quality assurance of every part is critical to additive series production, but can 

also be used for conventionally manufactured parts. On the AM process side, the main focus lies on the 

enhancement of digital process chains. Another focus area is the automation of physical processes. 

Additionally to the fully automated printing process, development activities by AM system manufacturers 

should lead to automation of up- and downstream process steps. 

The results allow the identification of focus areas for further technological development for AM system 

manufacturers and users. They show that implementing AM production shops requires joint and 

interdisciplinary developments by AM system manufacturers and users. However, due to qualitative data 

collection, subjective bias of the results may occur. Therefore, the results must be examined with regard to 

the qualitative quality criteria of intersubjectivity and indication of the research approach. Further research 

and a larger sample are needed for validation as well as practical realization and advancement of the 

identified measures. 
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Abstract 

The increasing demand of flexibility in production systems influences the organisation of production 

logistics and enhances the role of autonomous resources for logistic tasks. In the current state of the art, there 

exists neither a common definition of the term “autonomy” in the production logistics context nor a 

generalised approach regarding the classification of autonomous resources depending on their characteristics 

as well as their skills. Due to this lack, difficulties appear when intending to integrate autonomous resources 

- that are implemented for logistic tasks - in the superior production control processes which aim to meet the

key performance indicators of the production system.

This paper analyses in a first step the current use of terminology regarding autonomy and related terms like 

automation and self-x approaches in production logistics. Based on these results, a definition of “autonomy” 

for production logistics and a universal framework for classifying autonomous resources regarding their 

level of autonomy can be proposed. This allows to specify afterwards the appropriate level of autonomy in 

production logistics for a specific production system. 

Keywords 

Autonomy; Autonomous Transport System; Autonomous Guided Vehicle; Production Logistics; Production 

Control 

1. Introduction

Globalization forces production companies to deal with high market dynamics, shorter product life cycles, 

increased competition, and rising volatility. Therefore, production systems need to cope among other 

challenges more and more with the customer demand of getting individualized products. This expectation 

leads to rising complexity and dynamics in production environments as well as production processes due to 

the necessary flexibility [1,2]. 

The current developments in the context of industry 4.0 concerning data exchange and interconnectivity in 

production systems offer various possibilities to analyse workflows in a more detailed way [3]. It is now 

possible to understand processes and their interdependences on different levels based on collected data and 

to hereupon optimize diverse parameters and target values, e.g. throughput time and/or product output [4,5]. 

In addition, this also highlights the significance of non-value-adding processes in production like production 

logistics as well as their importance for reaching key performance indicators (KPI) and emphasizes the 

importance of integrating them in communication and exchange processes [6,1]. In the context of logistics, 
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this development is called “logistics 4.0” [7] and underlines that it is not preferable to look at intralogistics 

processes in an isolated way due to its influence on meeting planned production schedules and due dates [8]. 

Challenges for planning and control in this context consist in finding a connection between central and 

decentral approaches [9] and in integrating autonomous and intelligent systems [10]. Especially choosing an 

appropriate autonomous system is difficult for decision-makers as there is a lack of term definition and 

classification of levels of autonomy within the scope of production logistics.  

With increasing dynamics, flexibility, and complexity as detailed above, an increasing decentralized and 

autonomous based organization of production logistics systems is required [7]. An exclusively central 

approach in production logistics is not sufficient because of the unpredictable environment. Therefore, 

decentralized approaches have to be taken into account [4] and conventional planning and control methods 

for logistic processes are no longer sufficient [11]. That’s why this paper introduces an appropriate definition 

of the term “autonomy” for production logistics based on an analysis of the current use of the term in state 

of the art publications (cf. chapter 3). Afterwards, a universal framework for classifying autonomous systems 

regarding their level of autonomy is described (cf. chapter 4). The developed framework supports decision-

makers in manufacturing companies to choose a proper autonomous transportation system with relevant 

characteristics referring to a corresponding application. 

2. State of the art 

In this section, basic principles of production logistics and applied resources are presented to frame the 

analysis as well as the developed definition and the framework explained afterwards in chapter 3 and 4. The 

whole topic has a non-neglectable connection to production planning and control processes. So, they are 

briefly introduced in the beginning. 

2.1 Production logistics 

Within a production organization, production logistics deal with the planning and control of material and 

information flow. In this context, production logistics are placed between procurement logistics and 

distribution logistics and comprise all activities to supply production and assembly processes with material 

(raw material, operation material, semi-finished goods or purchased goods) as well as the transportation of 

semi-finished or finished products to the next production step or the stock [12]. The main goal of production 

logistics is the on-time delivery of material on the one hand to avoid costs for downtimes due to delays and 

on the other hand to prevent high waiting times in case of too early deliveries [13,14]. So, there exists an 

important influence on throughput time [8]. Current challenges in production logistics are induced by the 

changes due to industry 4.0 approaches and comprise especially ensuring the logistic flow in uncertain and 

changing production environments as well as the integration in higher level control processes [6,15]. 

2.2 Production planning and control 

The main tasks of production planning and control in manufacturing systems are generating a valid 

production program based on orders, task allocation and production supervision in order to reach logistic 

KPIs [16,17]. Planning and control is introduced here briefly because of the interaction and relation between 

the superior planning and control level and the executing logistic level: a transport system is not able to 

operate without respecting other processes in the manufacturing system and impacts overall KPIs. Basic 

logistic KPIs in production are for instance throughput time (time between order approval and order 

completion), inventories (amount of orders that are approved but not yet completed), utilization (ratio 

between average output and maximum output of a production resource or system) and delivery reliability 

(amount of orders that are completed within the planned delivery time) [19,18,23,20,22,21]. Logistic KPIs 

that are relevant in the context of production logistics are in general derived based on customer needs - here 
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the requirements of value-adding manufacturing processes - and therefore include objectives as delivery 

time, delivery lateness, and delivery reliability [18,21]. For more detailed information on planning and 

control see for example [18,24,16,17]. 

2.3 Autonomous transport system 

In this paper an autonomous transport system (ATS) is defined as a fleet of autonomous vehicles. The terms 

autonomous guided vehicle (AGV) and autonomous vehicle are used synonymously and describe vehicles 

without a driver that fulfil transport tasks in production logistics. Depending on the manufacturer and 

respectively the model, they can have differing skills and competences in order to complete transportation 

tasks. “Modern” shopfloor layouts and flexible organisation processes require intelligence on transport 

resource level to reach adaptability. More detailed information can be for instance found in [21,25,26]. 

3. Analysis regarding the use of the term “autonomy” in production logistics 

The goal of this chapter is to derive a definition of the term “autonomy” in context of production logistics. 

Therefore, an analysis of the current use of terminology regarding autonomy and related topics is required.  

3.1 Comparison autonomy – automation – self-x-approaches 

Within a literature review, the main terminology differentiation between the terms autonomy, automation, 

and self-x is demonstrated in this subchapter. Subsequently, all central ideas are summarized and compared 

regarding abilities of considered system resources. Relevant literature is listed in Table 1 subdivided by their 

focus regarding differentiation of terminology.   

Table 1: Classification of literature in context of production systems 

Authors Autonomy 
Autonomy  

and automation 

Autonomy  

and self-x 

Windt et al., 2008 [27] X   

Dumitrescu et al., 2018 [28] X   

Gamer et al., 2019 [29]  X  

Müller et al., 2021 [30]  X X 

Stock et al., 2020 [31]   X 

Scholz-Reiter and Höhns, 2006 [20]   X 

Schuhmacher and Hummel, 2020 [22]   X 

[27] describe the term autonomy in the context of autonomous control by processes with decentralized 

decision-making and the ability of system elements to make decisions independently. Furthermore, the 

authors characterize autonomous control in logistic systems “by the ability of logistics objects to process 

information, to render and to execute decisions on their own”. The superior goal of the autonomous control 

is the increase of system robustness of non-deterministic system behavior and positive emergence through 

objective achievement of every single logistics object. Accordingly, [28] generally describe autonomous 

systems as systems with the ability to process tasks on their own without human influence. Beside the 

independent task fulfilment, the high adaptability to changing environments is one major characteristic. 

In contrast, [29] interpret autonomous systems from an industry perspective in the context of industrial 

automation systems as the highest level of automation. In this regard, the authors describe an automation 

system characterized by little to no human influence while system tasks are pre-defined using a 

predetermined rule-based decision-making in structured environments. Autonomous systems, on the other 
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hand, are described by learning-based capabilities and the ability to adapt to changing system conditions 

while actions are not pre-programmed. Complementary, [30] describe autonomy in the context of industrial 

automation systems by four major characteristics commonly used in definitions: First, a systematic process 

execution is stated which is defined as the ability of a system to execute modeled processes. Second, the 

adaptability to changing environments for reaching its goals is mentioned. Furthermore, self-governance as 

the system’s ability to manage its resources without human intervention through context-awareness and self-

containedness of the system (defined goal and scope of the system) are stated. In the authors perspective, the 

autonomous system is an extension of the (intelligent) automation system by the above-mentioned further 

characteristics. Here, self-x capabilities are considered as characteristics of autonomous systems but as-well 

of automation systems depending on the specific self-x property. 

An overview of essential self-x capabilities for cyber-physical systems (CPS) is given by [31]. In this respect, 

self-x is described as e.g. self-description, self-organization, self-control and self-configuration. All relevant 

self-x capabilities are ordered within a hierarchy while the authors allocate these capabilities to levels of 

autonomy. As a result, autonomy is described by these self-x capabilities which enable a certain level of 

autonomy while an increasing level of autonomy comes along with a decrease in human control. 

Nevertheless, in line with [30], non-autonomous systems as well can be characterized by certain self-x 

capabilities as for example self-description. Self-x capabilities are not solely part of autonomous systems but 

depend on the self-x characteristic and might also describe automation systems with less or no autonomy. 

In contrast, the term self-organization on the one hand can be a representative of self-x and on the other hand 

can be regarded as a separated concept as in [20]. The authors define self-organizing systems as collection 

of processes of decentral decision-making in heterarchical structures that require the ability for autonomous 

decisions of interacting entities. In conclusion, the authors see autonomy as a part of the concept of self-

organization. [22] acquire a differentiation between the term self-organization on the one hand and 

autonomous control on the other hand. Here, self-organized systems are regarded as the ability of a system 

to “design its processes und systematic structures in an autonomous manner” and is therefore more focused 

to an organizational level. Whereas autonomous control is considered according to [27] and is regarded on 

an execution level or single object level of the corresponding system. [31] in contrast, consider self-

organization as one self-x capability of the highest level of autonomy. 

In conclusion, the above-mentioned literature describes autonomy to a certain degree in a similar way, but 

some inconsistencies and differences can be identified especially in the differentiation with autonomy and 

automation as well as the terms autonomy and self-x. These are summarized within Figure 1.  

 

Figure 1: Summary of term differentiation in literature referring to system’s characteristics 
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Furthermore, as most of the sources focus on production systems in general, a specific definition of the term 

autonomy in context of production logistics needs to be derived dissolving the described inconsistencies (cf. 

chapter 3.2). 

3.2 Definition of autonomy in production logistics 

Based on the section above, a definition for autonomy in production logistics can be derived. For a better 

understanding of the main definition elements, a more detailed explanation will follow below. In this paper, 

autonomy in production logistics is defined as follows: 

“Autonomy is the ability of a system to make decentralized decisions without human intervention 

in order to reach pre-defined goals (transport tasks) and to cope with an uncertain, unknown, 

and/or dynamically changing environment. Therefore, the transport task fulfilment related to 

logistic-specific objectives is realized through an internal intelligence of cooperating 

autonomous resources.” 

Within the mentioned decentralized decision-making, decision-problems are split into smaller problems and 

only local information depending on the systems environment is considered [20,27]. Therefore, information 

is generated and processed by the indi idual system’s resources itself. This comes along with the absence of 

human intervention as the decision-process is realized without external trigger or control by humans [31]. 

Consequently, the system as well as all individual resources have the ability of self-organization and self-

adaption. As part of the decision-making process the achievement of pre-defined system objectives i.e., 

specific key performance indicators, is pursued. In relation to that, resource tasks like route planning, 

collision avoidance or navigation in the context of production logistics need to be fulfilled in alignment with 

the overall system objectives (goal-orientation) while task allocation is again achieved without external 

control [30]. Especially the cooperation and interaction of individual autonomous resources is required to 

realize the above explained elements such as decision-making and task fulfilment. In this context, the 

required adaptability, and the ability to learn for optimized decision-making is realized by internal 

intelligence of these cooperating autonomous resources.  

As in practical not all elements of the definition are fulfilled by every autonomous vehicle, the classification 

as “autonomous” is insufficient and does not help when comparing AGVs with varying characteristics. 

That’s why different levels of autonomy need to be considered and are described in the next section. 

4. Framework for levels of autonomy in production logistics 

Based on the above definition of autonomy for production logistics (cf. chapter 3.2) it is possible to specify 

a description of a universal framework for classifying AGVs regarding their level of autonomy. This 

framework helps to create comparability and to simplify the choice of an appropriate AGV for a production 

system by linking skills (cf. chapter 4.1) and tasks (cf. chapter 4.2) in a standardized way.  Because in 

production logistics, there is not necessarily a human worker involved in the task fulfilment the way of 

cooperation between human and system cannot present a valid classification criterion as it is done for 

autonomous vehicles in the automotive context (see definitions by National Highway Traffic Safety 

Administration and Society of Automotive Engineers). The framework presented hereinafter (cf. chapter 

4.3) aims to answer the question how to classify the level of autonomy of an autonomous system 

implemented in a production system.  

4.1 Skills of AGVs 

The characteristics of AGVs define the skills they can offer to fulfil tasks and influence therefore their level 

of autonomy. The skills of an AGV depend on the hardware and software components the manufacturer has 

implemented. In production logistics, as explained abo e, we consider a technical  iew “without” 
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implication of any human. An analysis of available publications showed that there exist various approaches 

to classify skills of autonomous vehicles. The framework is based on the work of [33,32,34] and the 

following five main skills defining autonomy in the context of production logistics are derived: 

− Acquisition of information, i.e. collecting data via various channels/ways 

− Information processing, i.e. generating knowledge out of the collected data 

− Decision making, i.e. choosing what to do based on the derived knowledge 

− Interaction, i.e. communicating with the environment for the execution of a task 

− Control, i.e. checking and documenting the successful execution of a task 

These five skills constitute the foundation for AGVs being able to fulfil tasks that occur when these AGVs 

are used in production logistics. The characteristics of AGVs allow to clearly delimit the scope as well as 

the content of each of these skills and therefore, they have been chosen for the framework presented in this 

paper. Summing up, the skills of the AGVs define which role an autonomous transport system can take in 

the production system, i.e. how responsibilities can be shared with an external system (cf. chapter 4.3). 

4.2 Tasks of AGVs in production logistics 

When analysing the role of logistics in production environments and comparing different approaches (cf. 

chapter 2.1), four central tasks of autonomous resources can be derived that AGVs have to complete and 

which are relevant for defining autonomy: navigation, task assignment, collision avoidance, and charging. 

In order to clarify the scope of each of these tasks as well as their meaning in this paper and hence for the 

presented framework the four tasks are described below: 

− Navigation: This task comprises in particular registering the existing production layout, 

implementing strategies for how to reach a destination in the production layout using a given 

algorithm and documenting current routes as well as locations of moving vehicles [25]. 

− Task assignment: The basis of transporting materials, semi-finished products or finished products 

consists in deciding which transport resource fulfils which transport task considering defined rules. 

A production planning system collects all the tasks and disposes of supplementary information like 

work process, specific requirements, and due dates. 

− Collision avoidance: While moving the autonomous vehicle has to consider and avoid collisions 

with either potentially moving objects, i.e. other vehicles or humans, or static objects, i.e. “things” 

standing around, that are not captured in the production layout. At crossings there need to be 

strategies on how to assign priorities in order to avoid dead locks. For more information on the 

classification of obstacles and the choice of a strategy in the case of collisions like waiting or taking 

alternative routes see [35]. 

− Charging: This approach does not focus on strategies for charging (cf. other publications), but on 

the influence of this procedure in logistics as it interrupts the workflow and is consequently relevant 

for planning and control. Here, only the supervision of battery charge is taken into account. 

The developed framework (cf. chapter 4.3) is based on these task descriptions as it is fundamental for any 

kind of standardized approach to dispose of a clear definition of the applied basis. Their extent is consciously 

limited to the jobs that can be assigned to an autonomous transport system applied in production logistics of 

manufacturing companies. 
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4.3 Description of the framework 

Based on the skills and tasks described in chapter 4.1 and 4.2, the framework proposed hereafter combines 

these aspects. There can be three ways of distributing the four tasks between the autonomous transport 

system and an external system (human and/or IT system) based on the five skills: 

(1) No external control (except initial order registration), i.e. the autonomous system proposes all 

necessary skills 

(2) Implication of external system, i.e. division of responsibilities and the external system is only 

responsible for the initial acquisition of information 

(3) Control via external system, i.e. the autonomous system proposes only the “executing” s ill of 

interaction 

Table 2 specifies the three possible ways for distributing responsibilities between the autonomous transport 

system and an external system for the five skills (cf. chapter 4.1). 

Table 2: Possibilities for distribution of responsibilities 

 (1) (2) (3) 

Acquisition of information 

Autonomous 

transport system 

External system Autonomous transport system 

Information processing 

Autonomous 

transport system 

External system 
Decision making 

Interaction Autonomous transport system 

Control External system 

The work presented in chapter 4.1 and 4.2 is transferred into a framework by considering these three ways 

of distributing tasks. In theory, for each of the four tasks an AGV can take over each of the five skills either 

completely on its own, partly with an external system or transfer it to the external system, i.e. three possible 

levels per task as introduced above. In practice, not for every task every way of responsibility for the skills 

is reasonable, so the choices have to be reduced: 

− Navigation: (1), (2), (3), i.e. all three ways of responsibility are possible  

− Task assignment: (2), (3), i.e. an external system is always required 

− Collision avoidance: (1), (3), i.e. the acquisition of information (concerning obstacles) and the 

interaction is completed by the autonomous transport system itself 

− Charging: (1), (3), i.e. the acquisition of information (concerning charging level) is completed by 

the autonomous transport system itself 

As mentioned, not all ways of responsibility are applicable for the four tasks when defining levels of 

autonomy. This results in three ways for the navigation task and two ways respectively for task assignment, 

collision avoidance and charging. When additionally considering dependences between the tasks especially 

between navigation and collision avoidance which are linked to the strategies implemented in AGVs for 

these tasks, eleven levels of autonomy can be distinguished. They arise from three possible combinations 

between navigation and collision avoidance, two ways for task assignment and two ways for charging: 

 11 𝑙𝑒𝑣𝑒𝑙𝑠 𝑜𝑓 𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 = 3 ∙ 2 ∙ 2 − 1  (1) 

One possibility has to be subtracted for the combination when all tasks are executed by an external system 

except charging. This would not be reasonable. 

Figure 2 summarizes the approach for the definition of eleven levels of autonomy in production logistics. 
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Figure 2: Framework for the classification of autonomy in the context of production logistics 

For arranging the le els of autonomy, the rule applies “the less implication of an external system the more 

autonomy of a system” as proposed also e.g. by [32]. The order was determined by calculating the distance 

to the origin in a 3D coordinate system by using the number of implicated external systems for the skills 

acquisition of information, information processing, decision making, interaction, and control. The closer to 

the origin the more autonomous the autonomous system is. The numbering was inverted compared to the 

description in [32], so level 11 describes the highest and level 1 the lowest level of autonomy. 

5. Conclusion

After shortly introducing the relevant state of the art regarding production logistics and autonomous transport 

systems, this paper presents an analysis of the current use of the terms autonomy, automation and self-x-

approaches in production logistics. These are compared and differentiations in the terminology are 

summarized. As there exists no clear characterisation of autonomy for production logistics, a definition for 

this important term in the context of the rising use of AGVs in manufacturing environments is deduced. 

Afterwards, a framework for classifying AGVs based on their skills and the tasks they have to fulfil is 

explained. This approach differentiates between eleven levels of autonomy in production logistics. 

The presented framework is necessary for decision-makers in manufacturing companies in order to choose 

in a next step an appropriate AGV for a production system and its specific characteristics. Therefore, the 

framework provides a basis and is part of a procedure for the organisational integration of an autonomous 

transport system in a production system. This aspect becomes more and more important due to the rising 

demand of flexibility in transportation systems and the request for the use of autonomous systems. Further 

research has to be done on the relation between vehicles classified with the proposed levels of autonomy and 

their appropriate use in different production organisations. 
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Abstract 

Sustainability aspects and their verification are becoming indispensable for companies in the textile industry
from both an economic and a legal perspective. The reason for this is that there is a large number of different
certificates, specifications, and labels, such as Global Organic Textile Standard, Fairtrade, or OekoTex, as
well as legislation, such as the German Act on Corporate Due Diligence Obligations in Supply Chains issued
in 2021.

Hence, the requirements for keeping the proof, e.g. for the batch-accurate world-wide tracing of organic
cotton for clothing, or for the necessary transparency to determine the carbon footprint or the recycling
percentage, are becoming more and more associated with considerable effort, especially for small and
medium-sized enterprises (SMEs). Depending on the certificate or specification, SMEs need not only to
determine their own sustainability information (gate-to-gate), but also that of the upstream stages of the value
chain (cradle-to-gate). The multi-stage value chains of the SME-dominated textile industry, together with
the vast and fast-changing variety of materials and products, lead to high complexity in processes and
communication. In addition, when confronted with batch-related sustainability criteria and a variety of
sustainability and labelling requests from different customers, SMEs have to spend an increasing amount of
time and effort on the reliable provision and communication of the respective information.

The paper describes the challenges and existing approaches, e.g. the use of blockchain technology, associated
with the provision of cradle-to-gate sustainability information in textile SMEs and proposes a holistic
framework enabling SMEs along the value chain to configure and implement an infrastructure for efficient,
fully digital cloud-ready workflow, based on process models and textile product master trees, in order to
address these challenges.

Keywords 

Cradle-to-Gate Sustainability; Textile Industry; SME; Blockchain

1. Challenges of sustainability information in textile value chains

Sustainability in social, economic and ecological terms is one of the megatrends of recent years [1]. In the
textile industry sustainability is also becoming increasingly important for purchasing decisions [2] in the
B2B and B2C sectors, as shown in the following examples:

- Large quantities of textiles end up in residual waste and thus pollute the environment. Closed
material cycles and recycling have not been established to a larger extent so far. One reason for this
is the lack of information on which materials have been processed in the product and how they can
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be separated, reprocessed and recycled. The provision of such information along the entire value 
chain is possible [3, 4], but still a challenge. 

- The working conditions of the textile industry in low wage countries often do not meet the standards 
demanded by consumers and NGOs. In addition to legislation, there are standards, certificates and 
labels to prove social sustainability, but these require a reliable and transparent data basis across the 
entire value chain. Providing this data is time-consuming, especially when it comes to specific 
batches and products. 

Today, (end) customers expect or demand access to comprehensive data, e.g. via an identifier (QR code, 
RFID or similar), on environmental impacts (such as carbon footprint), on social standards during production 
or on the material composition of textile products including all preliminary products [5, 6]. Expectations 
vary widely across customers, which is reflected in the large number of sustainability requirements and 
challenges that have to be met by a single company within the textile value chain [7]. Additionally, 
legislation puts more and more focus on sustainability aspects, e.g. in Germany [8]. 

Sustainability cannot be measured with a single indicator. Rather, there is a multitude of criteria of different 
types and structures and thus many types of certificates, labels and standards with different requirements, 
criteria and system boundaries. SMEs in the textile industry therefore have to provide their data in ever new 
forms. For example, the producer and all suppliers need a Scope certificate [9] for each delivery of a certified 
product according to the Global Organic Textile Standard (GOTS) [10]. Transaction certificates for the 
corresponding batches must also be submitted for the product and all pre-stage products. This process is 
time-consuming, cost-intensive and limited to specific statements. This form of cross-company 
communication can only be implemented for a limited number of sustainability criteria by an SME without 
a supporting organisational and information technology infrastructure. 

Traceability for sustainability purposes is the focus of such an infrastructure. Traceability includes the 
objectives of transparency, identification, authenticity and quantification [11], and corresponding 
information on: (a) origin of the relevant materials back to the source, (b) material composition (especially 
with regard to bio-materials and recycling), (c) ecological life cycle assessment parameters (carbon footprint, 
blue water consumption) with differentiation according to Scope 1 (direct emissions), Scope 2 (indirect 
emissions through energy used, especially electricity) and Scope 3. 1 (emissions from input products, 
services) [12] and (d) ecological and ethical verification (certificates such as GOTS [9] or IVN BEST [13]). 

In the context of the preparation of internal company data [14], textile companies are faced with some 
challenges. The type of information collected from suppliers must be selected and for communication the 
form, granularity and participants must be determined. Also, practical issues like aggregation and allocation 
of sustainability data on production processes and products arise. Finally, the textile companies have to 
protect and secure their data. There are numerous individual systems, e.g. Blockchain [15], for this, but no 
holistic solution. The reason for this is that textiles comprise a variety of products or product types, from 
clothing to home textiles to technical textiles, with different requirements for sustainability information. 
Production is usually multi-stage and distributed across many different companies along the value chains 
with a wide range of semi-finished and raw materials being used. This results in complex material flow with 
a diversity of textile traceability targets and certificates. The highest complexity in the requirements arises 
in the case of cross-stage traceability at batch level. Here, the material interrelationships and the associated 
sustainability information must be mapped across the entire value chain. For one product, the product family 
tree (see Figure 1) illustrates the basic problem with traceability. Materials from numerous preliminary stages 
in different quantities and of different natures go into a finished product, such as a garment. For complete 
traceability, this situation must be mapped in terms of information technology and supported across 
companies. 
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However, a reliable provision of information across all levels with the required granularity and the dynamic 
of the textile value chains with changing network structures from batch to batch (see example in Figure 1 
with different yarn networks) is time-consuming. Corresponding data preparation and allocation are today 
often performed manually and using individually created, complicated and therefore error-prone spreadsheet 
models. As a result, the quality and integrity of the information also suffer. 

 

Figure 1: Example of a textile product master tree 

2. Solutions for sustainability information and open issues 

To cope with the complexity of tracking and tracing of products and materials as well as communicating 
sustainability information along the value chain a large variety of solutions have been proposed. These 
solutions often include one or more of the following aspects: 

- Closed value networks 
- Cross-level communication of sustainability information 
- Provision of sustainability information 
- Conformity of sustainability information 

However, the specific demand of textile value chains is often only partially covered by these solutions like 
explained in the following sections. 

2.1 Closed value networks 

There are solutions for closed value networks in which all partners work exclusively according to a common 
procedure or even standard. ‘bioRe® Sustainable Textiles’ [16], for example, allows each product to be 
traced back up to the cotton field via a code in the garment. Authenticity is guaranteed by completely 
organising and controlling the value chain and making the information available to consumers on proprietary 
platforms. These approaches are also suitable for multi- or fully integrated companies that can manage 
sustainability information internally within their own information architecture. Furthermore, there are 
software solutions that enable traceability. However, these often only cover individual aspects of the above 
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requirements. One example is the software of the start-up ‘sustainabill’ with a cloud platform for uncovering 
and analysing transparency along supply chains [17].  

Since most companies in the textile industry do not operate in closed value networks and available software 
systems only cover partial aspects of traceability (e.g. transparency and authenticity at [16]), there is a gap 
here. There is no systematic and flexible support for the cross-stage provision and communication of 
sustainability information for the textile industry. Companies cannot meet the obligations and expectations 
due to a lack of knowledge about their supply chains and poor information quality [18]. 

2.2 Cross-level communication of sustainability information  

There are several quasi-standards from the GS1 organisation for communication. The ‘Global GS1 
Traceability Standard’ is a very comprehensive framework document for the design of interoperable 
traceability systems in supply chains [19]. Based on globally unique product numbers GTIN and location 
numbers GLN [20], end products can first be identified and tracked, typically between end manufacturer and 
retailer. Pre-products back to the first raw material source are also considered. Building on this, Global 
Textile Scheme has developed [21]. This initiative aims to simplify and standardise the exchange of data, 
especially sustainability data, in the textile value chain. 

For the communication of master data, there is the Global Data Synchronisation Network (GDSN). However, 
this does not allow traceability at batch level. A comprehensive implementation guide complements the 
formal GS1 standards of the GDSN with advice on their implementation and operation [22]. With the GDSN, 
product content is automatically uploaded to data pools, maintained and shared. Only implicit 
communication is used, i.e. the partners independently retrieve the data they need from the master data 
provided. The largest data pool provider for this is the company Atrify [23] in Germany. For the textile 
flooring sector, there is the European Product Information System [24]. For the communication of batch-
based information for the traceability of textile products, there are some basics but no concept analogous to 
master data or as in other sectors, such as the food industry [25]. 

2.3 Provision of sustainability information  

Today, the internal processing of data for traceability at batch level is usually carried out in textile-specific 
ERP solutions. However, these cannot provide the functionalities required for the cross-stage provision of 
sustainability information, such as (1) uniform identifiers for batches, (2) their unambiguous mutual 
assignability with (3) a high degree of security and integrity. Within the company, individual identifiers are 
usually used for this purpose, which are also communicated to customers. For external communication, there 
are, for example, independent formats such as the "Universally Unique Identifier" from the Open Software 
Foundation as part of the "Distributed Computing Environment" [26] in addition to the proprietary GS1 
quasi-standard GTIN for the unique identification of objects. 

For companies, the security and integrity of their externally communicated information is particularly 
important. One promising approach to this is blockchain technology [27]. In addition to the first blockchain 
approaches for cryptocurrencies [28, 29], there are currently open-source alternatives for private company 
networks (Quorum [30], Corda [31], Hyperledger Fabric [32]). The storage of sustainability data was also 
investigated [33, 34]. In several scientific publications, the potentials of blockchain in logistics, the food 
industry and healthcare were presented [25, 35]. Furthermore, Amazon Web Services offers solutions based 
on Hyperledger Fabric for the textile industry, among others [36]. There are also efforts to store information 
of the global standard GS1 in blockchains [37, 38]. The potential of blockchain for traceability for the textile 
industry has already been recognised [27, 39]; numerous companies can show pilot projects in this regard 
(IBM [40], Provenance [41], Lenzing [42]), also by means of the blockchain alternative IOTA [43] for 
textiles [44]. 
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2.4 Conformity of sustainability information 

Conformity with customer requirements or certificates is another aspect that poses major challenges for 
SMEs in the textile industry. For example, if a company wants to be part of a "CO2-neutral supply chain", 
you have to manage your Scope3.1 CO2 emissions [12, 45]. The necessary Scope2 information from the 
own company is only correctly available for a few companies today, whereas the necessary Scope3.1 data 
of the purchased raw materials [12,45] are, as of today, not available in most cases. The conclusion of the 
practical recommendations for data collection and calculation of greenhouse gas emissions in the supply 
chain clearly shows this: ‘Even among the German companies on the CDP A-List, hardly any are able to 
determine their Scope3.1 emissions on the basis of primary data. Estimates based on average industry data 
and EEIO databases or tools predominate’ [46]. A correct batch-related reporting of the CO2 quantity on 
Scope3.1 level, supplemented by various sustainability information of certificates by means of transaction 
certificates, is not possible for textile companies with the communication content and structures available 
today. 

3. A framework for sustainability information in the textile industry 

As shown above, there is a wide range of solutions for traceability and communication of sustainability 
information. However, they don’t fully match the requirements of companies of the textile industry, 
especially of SMEs. The restriction to certain types of sustainability information, e.g. only support of specific 
labels, the lack of support for open value networks, or limited support of tracking and tracing on batch level 
limit the suitability of the solutions. 

For a systematic and flexible support of SMEs in the textile industry, the authors propose a holistic 
framework for cradle-to-gate sustainability information. The framework consists of three layers (see Figure 
2) and is based on a cloud approach. The top layer supports the breakdown of specific sustainability enquiries 
into basic enquiry types. This makes it very easy to integrate new types of enquiries and does not limit the 
framework to specific certificates or labels. 

The next layer provides the methodological support to answer the basic enquiries. The textile industry 
domain workflow, based on the product master tree of textiles, implements the necessary query steps that 
are required for the respective basic enquiry types. Thus, the framework supports open value networks. This 
is supplemented by transformation rules that provide the necessary functions, e.g. conversion of units or 
breakdown of data to batch level, for the preparation of the raw data. Conformity rules ensure that all 
requirements of certificates and labels are met. Intermediate and final enquiry results but no raw data are 
stored using a generic, type specific information structure. This also fulfils the requirement for non-
disclosure of company confidential data.  

 

Figure 2: Architecture of the sustainability information framework for the textile industry 
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The bottom layer provides the technological support required for answering sustainability enquiries. Data 
integrity and security technologies ensure the safety and validity of company data. Cloud functionalities 
enable the required communication and transformation activities. Finally interfaces to cloud-internal 
companies and to other sustainability information networks complement the framework. 

Sustainability Information Enquiries: In order to support a wide range of labels and certificates, each 
specific enquiry must be traced back to basic types. For this mapping, a classification system is necessary 
that describes the requirements of each enquiry and thus clearly assigns them to a basic type. One example 
is the system boundary of the enquiry with possible characteristics such as gate-to-gate and cradle-to-gate. 
However, the classification is not only used to identify a basic enquiry type, it is also used to configure it, 
i.e. to adapt the workflow, the transformation rules and the conformity rules to the specific request belonging 
to the basic enquiry type. 

Domain Workflow: The textile domain-specific workflows describe the necessary process steps for each 
basic enquiry type. These can still be adapted to the certificates and labels based on the classification of the 
previous layer. The basis for the final workflow is the product master data of the product for which the 
enquiry requests sustainability information. The product master data together with the batch numbers clearly 
identify the network to which the request refers. This means that not only static networks are supported but 
also dynamic ones, which are the norm in the textile industry. 

Transformation Rules: In addition to the pure collection of data, which is organised by the domain 
workflow, the raw data must also be processed. The way in which raw data is processed is determined by 
the transformation rules. As with the domain workflow, the classification from the top level determines the 
required transformations and can also be used to configure individual transformations. For example, the 
transformation rules determine how values are to be recorded (industrial mean, annual mean, mean value in 
the production period, exact values). 

Conformity Rules: Finally, the conformity rules comprise framework conditions of certificates and labels 
that cannot be mapped to the domain workflow and the transformation rules. These rules ensure that 
requirements such as the existence of transaction certificates in GOTS are fulfilled. Thus, they implement 
special features of certificates and labels that are not covered by the standardised procedure of the basic 
enquiry types. 

Generic Information Structure: In order to answer sustainability requests a variety of sustainability 
information must be captured and processed in the production network and the result has to be provided to 
the requester. Therefore, corresponding generic information structures are required for the different basic 
enquiry types. These then serve to store the sustainability information captured by the workflow and 
processed by the transformation rules. Information required by conformity rules must also be stored there. 
No raw data of the participating companies is stored in the generic information structure. 

Data Integrity and Security: The focus is on securing and maintaining the integrity of the data when 
communicating sustainability information across companies and networks. This protection is of central 
importance for SMEs of the textile industry, since on the one hand access to raw data would allow 
conclusions to be drawn about production processes and thus affects the company's business secrets, and on 
the other hand the integrity of the communicated data must be ensured. Established concepts such as 
encryption or blockchain are used to secure the data. 

Cloud Functionalities: In addition to the standard functions of a cloud, further functionalities must be 
provided. This refers in particular to the necessary functions that realise the concepts and methods of the 
higher layers of the framework. These functions are conceptually combined in topic-specific libraries. 
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Interfaces (Internal and External): For identification of sustainability information, concepts and methods 
for communication across organisational boundaries are needed. Concepts and methods, currently discussed 
in international standardisation committees, for both technical (e.g. interfaces, protocols) and organisational 
(e.g. responsibilities, request and response process) aspects of cross-organisational communication will be 
used. The textile value chain is sometimes very extensive. Therefore, it cannot be assumed that all actors 
work together in a common cloud. In this case, different data sources can only be integrated into the 
workflow to a limited extent. To ensure that the entire value chain can still be covered, established concepts 
for the integration of sustainability information from external data sources (e.g. companies that are not 
members of the cloud but are part of the production network) are used. 

4. Summary and outlook

Summarising, the proposed framework can enable organisations of the textile industry, in particular SMEs, 
to create an infrastructure for flexible and efficient generation and communication of sustainability 
information of textile materials and products on batch-level along the value chain. 

The proposed framework can serve all relevant aspects of sustainability information for the vast variety of 
textile materials, products, processes, as well the huge number of different labels and sustainability 
certificates. It enables companies of the textile industry to react quickly to new sustainability information 
demands by a reliable provision and communication of the respective information, and thus reduces related 
time and effort. This is in particular achieved by the holistic structure of the framework and the 
decomposition of the problem area into eight well defined framework elements. 

For further refinement, focus will be put on elaborating and refining the framework concepts and methods 
and creating an applicable reference framework solution. This includes for example the further specifications 
of the textile industry domain towards the domain workflow, the identification and generalisation to basic 
enquiries types, or initial transformation rules. This will be part of upcoming activities in research projects 
at the German Institutes of Textile and Fiber Research. 

Transparency is necessary to improve sustainability. In particular for the transformation of today’s linear 
textile value chains into new circular economy structures [47, 48], transparency is one of the key enablers. 
If transparency is not available, the existing and emerging recycling technologies [49] or re-purposing of 
textiles is impossible without knowing what is in the textile and from which origin, for example. Thus, the 
proposed framework can significantly support the textile industry in their transformation process towards a 
circular economy and increased sustainability. 
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Abstract 

While the number of blockchain ecosystems is growing, enterprises are confronted with the decision on how 

data can be securely and reliably transferred to blockchains. Even though current blockchain solutions proof 

to be a secure way for cross-enterprise data exchange, the data entries and respective devices might still be 

tampered and therefore build the focal point of this paper. To give an introduction to blockchain devices, 

current definitions and relevant device configurations, network connections and communication 

opportunities are gathered through a systematic literature research. The findings are then clustered and 

discussed with blockchain experts in a semi-structured interview series. Finally, the paper presents a 

characterization scheme for blockchain devices in form of a multi-dimensional taxonomy and concludes 

with further research needs. The outcome of the paper also contributes to practice as the taxonomy may also 

be used as a basis for management decisions. 

Keywords 

Blockchain Technology; Internet of Things; Industry 4.0; Hardware Devices; Supply Chain Management 

1. Introduction

Progressive digitization and globalization lead to various challenges in today’s supply chains. Transparency, 

security and trust are fundamental factors that play a particularly important role in cross-company business 

processes between both cooperating and competing companies [1]. Traditional approaches for data exchange 

often fail to manage relevant information in a way that is both transparent for business partners and at the 

same time safe and trustworthy [2]. Current approaches also pose risks in terms of system failures, integrity, 

authenticity, and performance bottlenecks [3]. As a result, companies are striving to adapt to these changing 

conditions and pilot blockchain solutions in various industries [4,5]. Blockchain technology  pursues a 

decentralized approach for data storage and management creating enormous potential for numerous use cases 

[6]. Logistics and supply chain management in particular pose a suitable application area, as information can 

be securely exchanged across the entire value chain [7,8]. Still, for this purpose the help of additional 

technologies, such as devices to access data from the Internet of Things (IoT) is necessary [9]. Many studies 

on the possibility of using blockchain technology in real world use cases neglect this necessary interplay of 

technologies. Nevertheless, only by having the right and correct data stored on the blockchain, it makes sense 

to benefit from its technical functionalities such as immutability and tamper-proof storage [10]. 

Until today, numerous blockchain projects remained in a Proof-of-Concept (PoC) status as they did not 

manage to organize a sufficient interplay of technologies and integrate proper devices in their blockchain 

networks [11,12]. To address this issue, the Ministry of Economic Affairs, Innovation, Digitalization and 
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Energy of North Rhine-Westphalia is funding the Blockchain Europe Project and supports this research 

paper that answers the following research questions:  

1. What is a blockchain device and by the use of which dimensions can it be characterized? 

2. Which ways exist to integrate devices in a blockchain system and which identity and security mechanisms 

need to be considered? 

To answer these research questions, in the next chapter necessary background information on IoT and 

blockchain devices is explained. After that the systematic literature procedure, taxonomy development and 

expert interview approach are explained as used methodologies. Finally, a characterization scheme is 

presented in form of a taxonomy and discussed in detail. The paper concludes with a summary and further 

research needs. 

2. Background and state of the art 

From IoT devices to blockchain devices 

An Internet of Things (IoT) device is a physical object that has mechanical or electrical components [13]. It 

is also "smart" because it is equipped with sensors and microprocessors, enabling the IoT device to perceive 

and process its environment [14,15]. A further essential characteristic of an IoT device is its digital 

networking with other devices via standard internet technologies, enabling IoT devices to communicate and 

perform their tasks automatically [13]. Via equipment systems, such as a monitor, it is possible for humans 

to interact with the IoT device. Logistics and supply chain management are one of the main application 

domains for linking blockchain with the Internet of Things and respective devices. Due to the interconnection 

of resources and goods, both within and across companies, which exchange their states or negotiate 

interactions, secure storage locations are necessary to keep track of the value-adding activities. Here, the 

blockchain enables communication between IoT devices as well as the verifiable transmission of 

information. When used in conjunction with smart contracts, industrial equipment can autonomously provide 

paid services, report maintenance needs, issue invoices, and make debits. An example of the data that can 

be exchanged within supply chains is vehicle maintenance data and wear data measured in real time and 

transmitted directly, conditions such as fill level indicators, derivative indications, or temperature indications 

for goods subject to a refrigerated container warranty [16]. All of this information triggers follow-up actions, 

such as intervening when a temperature is exceeded based on tolerance limits or when a vehicle maintenance 

due date has been exceeded [17]. 

Blockchain devices - a status quo 

Blockchain devices can be represented by different IoT devices, e.g. smartphones, tablets, temperature 

sensors, or hardware wallets (storage of tokens) that communicate with a blockchain. The first approaches 

to blockchain devices can be found in the literature: Griggs et al. (2018) designed a blockchain system based 

on a private Ethereum framework. In this system, sensors communicate with IoT devices that invoke smart 

contracts and write records of all events on-chain. The IoT device in this system builds a link between sensors 

and blockchain nodes. The device comes into play as a smartphone that makes patient data visible via 

appropriate software [18]. Caro et al. (2018) developed a blockchain-based food tracking solution on 

Ethereum and Hyperledger Sawtooth. In this solution, IoT devices are integrated to process GPS data. By 

collecting and processing the data directly, IoT devices have direct access to the data and store it as a full 

node on the blockchain system, ensuring transparent and verifiable traceability. On a truck installed devices 

scan the batch packaging via an RFID tag and thereby identifiy current goods. When the truck starts moving, 

the device starts monitoring the temperature and GPS position. [19]. Laszka et al. (2017) describe a privacy 

preserving energy transactions (PETra) solution for transactive microgrids that allows consumers to trade 

energy without sacrificing their privacy. PETra is built on distributed ledgers and provides anonymity for 
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communication, bidding, and trading. In this solution, the development of an IoT infrastructure is described, 

but it is not defined exactly which device communicates with the blockchain and how. The device mentioned 

is a smart meter, which must be deployed and authorized at each prosumer (producer and consumer) to 

measure the prosumers' energy production and consumption in a tamper-proof manner [20]. Grecuccio et al. 

(2020) report a development of a software framework that enables IoT devices to interact directly with an 

Ethereum-based blockchain. This solution provides an alternative way to integrate a broad category of IoT 

devices without relying on a centralized intermediary and third-party service. Each IoT device has its own 

gateway and can sign transactions locally and offline. Moreover, each IoT device is identified by its address 

within the blockchain and can thus be a target for potential smart contract events [10]. 

3. Methodology 

Structured literature review 

Methodically, a systematic literature review according to 21 was conducted for the scientific base of this 

paper it is highly suitable for opening up emerging topics. We applied numerous search strings in different 

combinations. "Blockchain Technology" and "Distributed Ledger Technology" in combination with 

"Devices", "Internet of Things", "Smart Devices", "IoT Devices", "CPS", "CPPS", were used as keywords. 

In order to narrow down the field of observation in some places, "Supply Chain Management", "Logistics", 

or "Enterprise Networks" were additionally added to exclude paper without real world application. Finally, 

we collected 38 relevant papers that we extended by 12 papers through forward and backward research. 

Taxonomy development 

Following up on the literature review, we developed a taxonomy based on the approach of 22. The method 

with its roots in Information Systems (IS) research consists of seven steps (see Figure 1). First, one must 

establish a meta-feature that defines the purpose of the taxonomy. Second, end conditions must be 

established, and an approach must be chosen. The choices are the conceptual-empirical approach or the 

empirical-conceptual approach. Each approach is divided into three steps. In the conceptual-empirical 

approach, the focus is on conceptualizing features and dimensions before examining the objects and then 

creating a taxonomy, while in the empirical-conceptual approach, the focus is on extracting features and 

dimensions from the objects before grouping them into a taxonomy. In all iterations, we followed the 

empirical-conceptual approach. These two approaches need to be run repeatedly until the final conditions 

are met. Nickerson et al. (2013) defined 13 end conditions, divided into eight objective and five subjective 

(concise, robust, comprehensive, extensible, and explanatory) conditions. We describe the development of 

our taxonomy and meta-feature, as well as the dimensions with their features, in the next section. 

 

Figure 1: Taxonomy development according to Nickerson et al. (2013) 
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Expert interviews 

The main goal of our taxonomy is to characterize blockchain devices in order to differentiate the large 

number of devices in the blockchain ecosystem. Therefore, we defined "core features and their feature 

manifestations of IoT Devices connected to a Blockchain network" as a meta-characteristic for our 

taxonomy. This meta-characteristic was the basis for identifying additional dimensions and characteristics 

and did not change during the iterations. The development of the taxonomy required six iterations until we 

met all 13 final conditions and thus reached the final state. In all iterations, we followed the "Empirical-

Conceptual" approach. For additional discussion of the taxonomy with practitioners and to elicit new as well 

as elaborate on already identified requirements for blockchain devices, semi-structured guided expert 

interviews were conducted and transcribed according to the clean verbatim transcription approach [23]. The 

analysis was conducted along the methodology of qualitative content analysis according to 24. The experts 

listed in Table 1 were approached for interviews. 

According to the guidelines, the interviews were scheduled for 45 minutes each. Due to additional 

explanations, some interviews took a longer time. The backgrounds of the experts cover the fields of 

business, computer science, logistics, supply chain management and mechanical engineering. The 

organizations represent application-oriented research institutes and consultancies, as well as a small and 

large company that both already implemented blockchain applications. All experts have been working on 

the blockchain topic for at least one year. During each iteration, the derived dimensions for the taxonomy 

and respective features were discussed, added or deleted. 

Table 1: Overview expert interviews 

Title Company Industry Date Duration 

Blockchain Developer Consulting company for enterprise blockchain 

solutions 

Consulting May 

2021 

00:45 h 

Blockchain 

Researcher 

University chair researching in decentralised 

markets 

Research May 

2021 

00:51 h 

Consultant Logistics Service Provider Logistics June 

2021 

01:23 h 

CEO Blockchain Start-up Logistics and 

Technology 

June 

2021 

01:16 h 

Blockchain Expert Consulting company for enterprise blockchain 

solutions 

Consulting June 

2021 

00:55 h 

Researcher in the 

field of CPPS 

University chair researching in CPPS and 

connection to blockchain systems 

Research June 

2021 

00:45 h 

 

In the first iteration, we analysed the first 38 papers for the basis of our taxonomy and met seven final 

conditions set by Nickerson. In this state, we identified 19 dimensions with multiple characteristics each. 

After discussions in the author team, we realized that some dimensions were not meaningful and in addition 

duplications occurred, so we decided to reduce five dimensions. In the second and third iteration, we 

examined the additional 12 papers. After the iterations, we discussed 14 dimensions and met ten final 

conditions. In the fourth iteration, we decided against categorizing industry use cases and added new 

dimensions, such as system characteristics, which were used to categorize hardware together with two 

experts from the interviews conducted in May. Due to ambiguity about whether the system features were 

low-end or high-end, we decided against it in the fifth iteration after discussions with two further experts 

from the interviews series in June. We also removed dimensions that related too strongly to IoT. Instead, we 

added three major layers, which evolved into the final Device Layer, Integration Layer, and Blockchain 

Layer as we went along. In the last iteration, the taxonomy was finally discussed together in the last two 

experts from the June interview series and some features were replaced, for example, concrete consensus 

algorithms emerged instead of categories of consensus algorithms as before, which again was difficult to 
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prove. This resulted in a concise, robust, comprehensive, extensible, and explanatory taxonomy that does 

not include repetitive dimensions or features to classify all objects identified in the literature review. 

4. Findings and discussion 

The taxonomy serves as an answer to the research questions of this paper, as it characterizes types of 

blockchain devices and requirements for a blockchain device to securely and reliably put data on the 

blockchain. As shown in Table 2, the taxonomy consists of eleven dimensions with 44 characteristics. To 

increase the transparency and understanding of the taxonomy, we grouped the identified dimensions into the 

three layers: Device differentiation, blockchain integration, as well as identity and security mechanisms. In 

addition, an asterisk (*) at the end of a feature indicates whether it is also possible to select multiple 

characteristics. We visualise the taxonomy as a morphological box, since this is a common way of visualising 

a taxonomy and it generally illustrates the set of relations contained in a problem complex in an intuitive 

way [25,26].  

Device differentiation 

Performance: IoT devices can basically be divided into low-end and high-end on the criteria of their 

hardware equipment (computing power, storage capacity, battery capacity, communication capability, etc.). 

The main difference is the executability of software based on traditional operating systems (such as Linux). 

While a low-end device cannot execute software based on traditional operating systems, the high-end device 

is able to execute such software [27–29]. In addition, limited memory capacity, communication capability 

(broadband), and computational power are not particularly suitable to support resource-intensive distributed 

ledgers, but sufficient to be able to use the services of a distributed ledger network (e.g., by using an API) 

[29].  

Equipped systems: The interaction with the environment functions via measurement, control and regulation 

technology. Only sensors that perceive the environment are used for measurement technology. For example, 

temperature sensors perceive the outside temperature or pressure sensors perceive certain forces [15]. In 

contrast, control technology exclusively uses actuators. Actuators are the signal converter counterpart to 

sensors and form the actuators in a control loop, i.e. they convert signals (e.g. commands from the control 

computer) into mechanical movement or other physical variables (e.g. pressure or temperature). In control 

technology both, sensors and actuators, are used. The sensor system displays current measured values, while 

the actuator system triggers a specific action when a measured value is exceeded [18,27,30]. 

Communication Technologies: One of the main features of blockchain devices is their communication with 

each other or with other systems via internet. Communication technologies include wired technologies such 

as the Local Area Network (Ethernet, PLC, bus systems) and wireless ones, such as Wireless Personal Area 

Networks that represent the most widely used communication technology among IoT devices and have a 

range of approximately 100m. Examples of WPAN are devices with Bluetooth, ZigBee or Z-Wave 

equipment [32,29,31]. WLAN, as another wireless communication technology and enables ranges of up to 

1 km. In this category, Wi-Fi is the most widely used standard [29]. LPWAN is a communication technology 

that is predicted to grow rapidly. Key factors are the extremely long battery life and a maximum 

communication range of over 20 km [29]. Mobile networks, such as GSM, 3G, 4G and 5G, are used for the 

long-range operation of IoT devices. 2G, 3G and 4G technologies have long been the only option for device 

connectivity. Now that LPWAN and also 5G are gaining prominence, these legacy mobile standards are 

expected to give up their share to the new technologies [29,31].  
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Table 2: Taxonomy for Blockchain Devices 

 

MD = Meta-Dimensions; MEX = Exclusivity 

Network integration 

IT architecture: IT architectures especially in the area of IoT can be divided into centralized and a 

decentralized types. In centralized architectures, a central hub is used to provide backend services for smart 

devices. Some of the most important centralized capabilities are event processing, events notification and 

real-time analytics. In addition to the mentioned capabilities there are also scenarios where decentralized 

communication between IoT devices is required without the need of a central hub. There are many examples 

of decentralized IoT applications like peer-to-peer messaging or decentralized auditing and file sharing. 

[4,31] 

Network topologies: The network topologies which are used in IoT can be split into three categories: star, 

point-to-point and mesh. The point-to-point topology is based on a direct connection between the nodes. In 

star networks every device is connected to a central hub. In a mesh network topology every node can be 

connected with each other. There are six networking attributes: latency, throughput, fault resiliency, 

scalability, the number of hops and range. These attributes can help developers of IoT Applications in 

knowing the capabilities of the different network topologies to choosing the best topology for their own 

Application [31]. 

Blockchain-Governance: Blockchain governance determines the organisational structure, jurisdictions in 

and requirements for the usage of blockchain-based applications as well as the consortium agreement 

process. Three governance structures can be distinguished. On the one hand, an independent blockchain 

network can be established and managed for the individual use case of a company. On the other hand, it is 

possible to join and participate in already existing blockchain networks and accustom to the already existing 

governance. Finally, it is also possible to make use of external service providers who make a blockchain 

network available. These include blockchain-as-a-service- or cloud-based solutions. [33,34] 

Blockchain types: public blockchain represents an ecosystem, publicly visible to everyone. This type of 

blockchain has become known through the crypto networks Bitcoin and Ethereum. [35] Private blockchains 

(e.g. Multichain) offer governance rules that have to be developed individually during network construction. 
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With this type, data is shared in a restrictive manner and participants can only view defined transactions. A 

consortium blockchain is a special form of private blockchain because the consensus process participation 

is distributed among several organisations in the P2P network. The transaction activity is isolated from the 

public [35]. Hyperledger Framework of the Linux Foundation can be mentioned as an exemplary framework. 

A hybrid blockchain offers public access to the network for everyone and at the same time a trust-based 

governance structure. [36]  

Blockchain identifiability: IoT Devices without a direct connection to the blockchain network cannot be 

identified via the blockchain, as they communicate indirectly (e.g. via a cloud server) with the blockchain 

network. [10] However, there are also devices that can identify themselves in a blockchain network. On the 

on hand, there are light clients which are nodes with a computing capacity and network bandwidth that is 

too low to download and check the entire blockchain [37]. Ethereum has a client application named Mist 

Browser, a user-friendly wallet also known as a Light Node. This Light Node connects to a blockchain to 

perform only basic functions of a full node, such as sending and receiving cryptocurrencies which only 

requires a wallet application on the IoT device [38,39]. A light node is thus able to sign and broadcast 

transactions on its own. On the other hand, there are devices that hold a full copy of the blockchain and have 

sufficient processing and storage capacity to act as a Full Node. IoT home gateways, for example a Raspberry 

PI, can already participate in the blockchain as a full node and thus potentially support blockchains [29].  

Gateway: One possible solution for connecting devices consists of a communication between a central cloud 

server and the devices, also called IoT cloud server. The server is responsible for collecting data from the 

IoT devices and for storing this data in the blockchain. One of the weak points of this solution is the central 

server as a single point of failure. Another crucial vulnerability is the lack of digital signatures of the IoT 

devices. The data that is sent to the blockchain is not signed on the spot by the device, but only when the 

data is received by the central server. This means that the authenticity and integrity cannot be guaranteed 

from the source [10]. Based on the remote procedure call (RPC) developed by Birrell and Nelson in 1984 

[40], there is the possibility of triggering the execution of a procedure on a remote enterprise server through 

embedded gateways. The enterprise server provides the gateways with an API, which enables interaction 

with the blockchain. The gateways should be uniquely identifiable, sign transactions locally and offline with 

their private keys before communicating with the RPC server. Using its own addresses within the blockchain, 

each IoT device can be identified and thus be a target for possible smart contract events [10]. Apart from 

that, other devices can act as gateways to enable a communication from smaller low-end-devices to the 

blockchain [37]. 

Identity and security management 

Identity management: A relatively new approach to identity management is the Self-Sovereign Identity (SSI) 

paradigm based on decentralized infrastructures. Typical for SSI is the focus on the user of the digital 

identity, who is in possession of his personal data himself and decides on third-party access [41]. The user 

receives identity features and corrections in the form of cryptographically secured digital proofs - the 

verifiable credentials - and can manage them independently by means of a digital wallet [42]. Bring Your 

Own Identity (BYOI) in this context refers to the idea and goal of being able to use this own identity on 

demand in any environment, be it private or business [41]. Public Key Infrastructures (PKI) are one of the 

mechanisms for managing keys in public key cryptographic systems. A private key owned only by the user 

allows the signing of different contents and documents. The public key then allows anyone to verify the 

respective signature [43]. Efforts to adapt PKI systems to emerging challenges, result in the development of 

Decentralized PKI (DPKI). One guiding and already practiced idea is the hierarchy-free web-of-trust, in 

which users mutually confirm credibility and correctness of associated data and trust in an assigned public 

key while network partners authenticating it [41]. 
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Security mechanisms: The idea of anonymous digital signatures is that users or objects within the blockchain 

network can use pseudonyms to hide their true identity and thus secure their privacy [14,44]. Mixing 

procedures involve mixing users' or objects' values with each other, which leads to confusion within the 

network. The identities can be disguised with this mechanism. To protect digital assets from attackers, 

Mixcoin, for example, obfuscates users by mixing currencies simultaneously and also uses an accountability 

mechanism to detect asset thefts [14,44]. The homomorphic encryption algorithm is a technique that enables 

computations to be performed on the cipher text itself. Hence, it is not necessary to convert data into plaintext 

in order to perform an operation on it. Homomorphic cryptography can be easily applied to the data on-chain 

without changing the blockchain properties, which ensures privacy and allows data to be verified and 

managed only in encrypted form. Secure Multiparty Computation Protocols (SMCP) are a class of algorithms 

that allow a group of mutually untrusting actors to evaluate functions without having to reveal their private 

inputs [14,44]. Attribute Based Encryption (ABE) is a cryptographic algorithm that uses the attributes as 

regulatory factors for the cipher text encrypted with the user's private key. The text data can only be 

decrypted if the attributes of the decoders match the encrypted data [14,44]. 

5. Conclusion 

Previous research has provided good reasons to believe that blockchain solutions will diffuse in various 

industries over time. To exploit all functionalities of the technologies, getting the right data in an integer and 

traceable manner on chain, constitutes an important challenge. Appropriate configured blockchain devices 

address this challenge and are described in this paper by (1) hardware constitution as well as (2) technical 

possibilities to connect them to the blockchain systems and (3) operate identity as well as security 

management measures. 

The central outcome of the paper is a taxonomy characterizing relevant dimensions of blockchain devices, 

scientifically substantiated by literature research and expert interviews. It became clear that current 

enterprise blockchain projects use different blockchain devices with different and individual characteristics. 

Thus, a strict determination of a singular blockchain device is not possible. However, our characteristics help 

to understand the range of different device types and possibilities to integrate them in a blockchain system. 

Therefore, in a first dimension, the devices are differentiated according to their performance and energy 

efficiency as well as equipped system and communication technologies. A second dimension addresses the 

type and topology of IoT platform the device gains access to; the type of governance and framework of the 

connected blockchain system; as well as the way the device is identified by and connected with the system. 

A final layer addresses possible identity and security management measures for the device. 

This outcome aims to advance previous research on devices that are described in blockchain research and 

delivers a first-ever possibility to classify blockchain devices. The investigation is of considerable relevance 

to blockchain scholars as well as practitioners that find themselves in PoC blockchain projects and work on 

device integrations. In order to further validate the developed taxonomy real world blockchain devices will 

be described by its means in a future research work by the Blockchain Europe Project. Blockchain scholars 

are invited to build up on the taxonomy and apply it in further case studies to demonstrate international 

acceptance and applicability in practice. 
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Abstract 

Training new users at a production machine is a time intensive and expensive task. To reduce the effort in 
this task we examine the possibilities of enhancing a production machine with a system that is able to learn 
from its users and teach inexperienced users this knowledge: Self-Learning and Self-Explanatory Machine 
SLEM. The learning process of SLEM relies on watching an experienced user working on a machine using 
camera-based human activity recognition which predicts the acitivities based on the estimated human 
skeleton in the video stream. SLEM must be able to work with little data to reduce the learning time as much 
as possible. Thus, this paper shows that training an activity recognition model solely on one experienced 
individual’s actions can lead to comparatively high activity recognition accuracy despite the low data variety. 
The results show that training on a single-person dataset can reach relatively high accuracy levels and is a 
suitable way of training the model in the industrial setting. For the teaching process, in which the system has 
to compare the actual activities with the target acitivities to give feedback, the activity recognition has to run 
in real-time. Different amounts of input data for the activity recognition model are examined and lead to a 
configuration with little accuracy loss and sufficient latency performance.  

Keywords 

Machine Learning; Human Activity Recognition; Pose Estimation; Skeleton; Industrial; Online Activity 
Recognition 

1. Introduction

Highly complex machines in manufacturing companies need to be operated and maintained by human 
experts. Furthermore, a lot of older machines are expensive to upgrade even though a lot of the older 
knowledge about the machine is missing, so they require specialized knowledge from experts. This poses 
challenges whenever a machine expert leaves the company and is not able to transfer their knowledge to 
more inexperienced workers. Growing employee turnover causes further important knowledge to get lost. 
Additionally, teaching inexperienced workers is not only a time intensive task, but also causes considerable 
machine downtime. 

The developed system from the publicly funded project “Self-Learning and Self-Explanatory Machine” 
(SLEM) tried to solve this issue using a variety of AI-based methods. A camera-based system was able to 
learn the manual interaction with the machine from an experienced user (subsequently referred to as 
“experts”). Furthermore, the system was able to generate a guideline for optimal machine operation from 
this gained knowledge to help inexperienced users (“beginners”). 
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Figure 1: ARKU leveler FlatMaster® 55 

This paper presents the results of the SLEM project on skeleton based activity recognition using PoseC3D 
[1], as well as comparing two types of scenario driven datasets: “Expert” and “Mixed”. The former contains 
data only from one expert user, whereas the latter combines data from a variety of differently skilled users. 
A  skeleton based Human Activity Recognition (SHAR) was chosen due to the highly generalized options 
for pose recognition that are available as well as due to the ability to abstract from the image based 
representation of a human, that can differ greatly regarding the appearance, e.g. in cloth type or hair color. 
The following topics are addressed in this paper: 

• Recording, annotating and preprocessing a scenario driven dataset from a real world use case at a 
company, see Figure 1 

• Integrate PoseC3D in an application oriented real time activity recognition pipeline for an actual 
industrial use case 

• Examination of accuracy on “Expert” and “Mixed” dataset 
• Examination of different input clip sizes and pose estimation intervals to optimize system latency 

2. Related work 

Human Activity Recognition (HAR) in industrial settings promises many benefits for assistance systems in 
manual work. An AI-based assistance system with implemented HAR is able to automatically detect and 
predict what the human is currently doing or even going to do. Based on this information the assistance 
system is able to react, e.g. by giving support or security warnings. The required activities must first be 
learned by the HAR method on annotated data and the granularity of the defined activities can vary greatly, 
from detecting “walking” and “standing still” to precise gestures. In the recent years, many new methods for 
HAR have been developed, using a variety of different deep learning architectures such as 2D-CNN, 3D-
CNN, RNN, GCN and Transformers. In general, these approaches can be further differentiated by the type 
of input data they use: 

• Integrated sensors, e.g. accelerometer data [2] [3] 
• Image and video data [4] [5] [6] 
• Skeleton data [1] [7] [8]  

Data from integrated sensors, such as accelerometer data, is a common data source for HAR since it is 
available in every smartphone and is a rather inexpensive technology. The detail of activities detected based 
on such data is limited and mainly focuses on detecting specific movements of the person wearing the sensor. 
Using image and video data offers a similar data source as a human uses to recognize activities and scenes 
with the sense of sight. Thus a higher detail of activities can be recognized with the cost of significantly 
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more computation in training and execution of the HAR approach. In addition, a great amount of diverse 
annotated data is required to train a generalized model and being able to recognize activities on people with 
varying appearances. In contrast to that, using skeleton data for HAR solves this issue by abstracting from 
the visual appearance of the person and focusing on keypoints of the human skeleton. 

Furthermore, different types of input data can be combined, which was shown in [9], where a unified 
framework using visual and skeleton features was able to recognize human activities.  

Several publications also focused on industrial settings [10] [11] [12]. An end-to-end approach using only 
skeleton data as input was developed by [10]. A video of an industrial scenario was given and the output was 
an activity class. First, skeleton data was predicted for each frame in the video through pose estimation, 
specifically using the stacked hourglass model. Afterwards, leveraging a spatial transformer (STN), the 
skeleton was further augmented towards translation, rotation, and scaling in order to give the data more 
human body pose diversity. A graph convolutional network (GCN) [7] was used in the end in order to 
preserve the relationship between the limbs from which activity scores were calculated. Due to the nature of 
the augmentation by the STN, the authors found that some activities – such as walking back and forth – are 
not rotation invariant and disadvantaged the HAR unnecessarily.  

A slightly different industry application scenario is the interaction with robots. Since many industrial robots 
work as human assistances, it becomes more and more important for them to know what the human is doing. 
[11] used 3D skeleton data and a random forests binary classifier in order to classify primitive movement 
actions in real time, since such actions could already assist in human-robot interaction.  

Another publication focused on using HAR as a way to make interactions between users and industrial 
machines more natural [12]. The authors used images as raw input for the networks and tested various 
convolutional networks especially in regards to their execution time. This is particularly important in order 
to fit into their Natural Machine Operation (NaMO) framework that was developed in order to create a fluid 
workflow between human and machine and to fit HAR into this workflow. The authors show that it is 
possible to train HAR models on small industrial datasets.  

In general, HAR poses many challenges in industrial settings. Overfitting on small datasets, as well as the 
effort of having to manually annotate these datasets. The latter poses special challenges when there are no 
commonly agreed upon classes in such individual cases. However, by using a skeleton-based approach the 
amount of data necessary to train a generalized model can be reduced, since the skeleton data provides an 
abstraction of appearance. Thus, this paper focuses on training HAR with limited datasets in terms of variety 
by only using data from a single person and evaluating the result on two separate individuals, which was not 
examined in detail by the above publications [10] [11] [12]. 

3. Methods 

Section 3.1 explains the core deep learning pipeline in terms of the model architecture as well as the training 
and inference pipeline to provide a detailed understanding of the used HAR approach. The data acquisition 
and preparation techniques are explained in Section 3.2, focusing on all relevant steps to prepare the dataset 
for training. This is especially important since training and inference were conducted on a custom industrial 
dataset with custom activity classes. Section 3.3 describes the used metrics in the following experiments to 
prepare for the evaluation in Chapter 4. 

3.1 Deep learning pipeline 

The pipeline from video stream to classified activity regarding SHAR consists of two main parts: Pose 
extraction and activity recognition. For activity recognition PoseC3D [1] was selected as promising SHAR 
architecture as it achieved the highest accuracy on the NTU60 cross-view test dataset as of January 2022 
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[13]. It was implemented in the widely used MMAction2 framework by OpenMMLab [14]. PoseC3D uses 
a 3D-CNN to recognize activities from a 3D heatmap volume, generated from the skeleton data of the video. 
The key is to convert 2D pose information to a heatmap that encodes the skeleton information of a single 
frame and can be processed efficiently by a CNN architecture. Each pose keypoint (e.g. elbow, eye, knee) is 
represented with a Gaussian distribution at the corresponding location as one channel in the resulting 
heatmap. These heatmaps are generated per frame of the input video clip and then stacked together to a 3D-
Heatmap that represents the pose information of the video clip. For pose extraction the same two stage 
approach was used as in [1]. This approach consists of a Faster R-CNN [15] object detector to detect all 
people in the image and a HRNet [16] pose estimator to extract the skeleton information per person. The 
object detector is implemented in the MMDetection framework [17] whereas the pose estimation model is 
implemented in the MMPose framework [18]. The pose estimator is trained on the COCO [19] body 
keypoints dataset. 

 
Figure 2: Activity recognition pipeline illustration. The pose estimation is only applied on every second frame, which 
is due to the pose estimation interval 𝐼! = 2. The violet rectangle represents the sliding window of pose data that acts 

as input for the activity recognizer PoseC3D. 

Figure 2 illustrates the SHAR pipeline in an online scenario. In contrast to the NTU60 offline scenario, 
PoseC3D has to classify video clips of constant length instead of varying length. This is why  “Uniform 
Sampling” as proposed in [1] was not applied in this work. In the online pipeline shown in this paper, 
PoseC3D takes a fixed amount of 𝑁!"#$ poses including the current and 𝑁!"#$ − 1 prior poses as inputs. 
The pose estimation can be executed on each frame to extract the poses, but with a given framerate of 30 
fps, this is very computationally expensive. Alternatively, poses can be estimated once every 𝑝 frames in a  
pose estimation interval 𝐼%. Estimated poses are saved in a ring buffer of length 𝑁!"#$ to be partially reused 
for the next activity recognition execution. 

3.2 Data acquisition and preparation 

To acquire data that can be used to train and test these models, videos of workers of different skill levels 
(beginner, intermediate, expert) during usual tasks on a metal leveler machine were recorded (see Figure 1). 
This was done as part of a Data Driven User Needs Assessment [20], which aims to analyze user experiences 
of the workspace based on machine data, visual data, eye tracking as well as interviews with the machine 
operator. Roughly 2 h 40 min (6 expert, 2 intermediate and 3 beginner videos) of 2D-RGB video material in 
total was recorded with a video resolution of 2560 by 1440 pixels using a Microsoft Kinect Azure DK camera 
sensor. In an offline post-processing step the 2D pose data of each frame is extracted from all videos by the 
pose estimation method described in Section 3.1. 
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The videos were annotated frame-by-frame, where each frame received exactly one class label. The analysis 
of the video data resulted in the decision on nine activity classes for working on the leveler machine: “0 - 
Idle”, “1 - Walk”, “2 - Measure with tool”, “3 - Rearrange part”, “4 - Test part with hands”, “5 - Pick 
object”, “6 - Place object”, “7 - Interact with machine interface”, “8 - Feed part to machine”.  

The annotated videos recordings were split into a training and validation dataset with two variants (see Table 
1) and one test dataset according to Table 1. In addition, the training and validation dataset was split into
training (90%) and validation dataset (10%) after sampling and balancing the dataset. The goal of the
sampling was to convert the dataset of large videos with mixed activity annotations into short video clips of
fixed size and exactly one activity class. From each video recording, video clips of a fixed clip size were
sampled by moving a sliding window with a step size of one over the recording, resembling the online
pipeline scenario from Section 3.1. Resulting clips with annotations from more than one activity class were
discarded. Furthermore, the balancing was applied due to large differences in the class occurrences in the
dataset. A new data set with balanced class occurrences was derived from the sample of clips. The resulting
dataset only contained pose data and no image data since PoseC3D only requires pose data.

Table 1: Overview of the amount of video scenarios in training, validation and test datasets 

3.3 Evaluation metrics 

For evaluation and comparison, the accuracy of the resulting predictions was calculated. More specifically, 
top-K accuracy was used with 𝐾 = 1 and 𝐾 = 5. This means that a prediction was classified as correct, if 
the actual class occurs in the 𝐾 highest confidence predictions. 

Furthermore, a distinction between “total” top-1 accuracy as well as scenario specific accuracies “Beginner”, 
“Intermediate” and “Expert” was added. The “total” top-1 accuracy is calculated on the whole test dataset, 
whereas the scenario accuracies only took into account predictions from the corresponding scenario. 

In order to evaluate the runtime performance of the activity recognition pipeline, “PoseC3D” latency and 
“total” latency were measured. The former measured the inference time for a single prediction of the 
PoseC3D model. The latter took into account the amount of time necessary to run the pose estimation as 
well as the activity recognition for the specified pose interval and clip input size over a time period of 1.6 s 
of a video stream. This equals 48 frames at 30 fps. 

4. Experiments

This section describes the conducted experiments that were used to examine various aspects of SHAR. The 
first experiment focused on the performance difference of PoseC3D on the two industrial dataset variants 
“Expert” and “Mixed” to investigate the impact of dataset with limited variety. Afterwards, an experiment 
that compared several model input configurations was conducted with different pose estimation intervals 
and input clip sizes to analyze the trade-off between accuracy and latency for a real-time HAR scenario. 

4.1 PoseC3D performance on “Expert”  vs. “Mixed” dataset variants 

PoseC3D achieves state-of-the-art accuracy on the common and publicly available dataset NTU60 [21]. This 
experiment aims to show the performance of PoseC3D on the custom industrial dataset. Furthermore, it was 

Dataset name Expert Intermediate Beginner Total 

Training/validation “Mixed” 5 1 2 8 

Training/validation “Expert” 5 0 0 5 

Test 1 1 1 3 
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simultaneously examined how well the model can learn from the specialized “Expert” dataset variant in 
contrast to training on the “Mixed” dataset. It was assumed that models trained on purely the “Expert” dataset 
would have issues generalizing towards the “Beginner” and “Intermediate” videos.  

Training hyper parameters were similar to the default MMAction2 configuration for PoseC3D: Learning rate 
was set to 0.01 with SGD and batch size adjusted to 16. All clips in the dataset had a length of 48 pose 
frames. PoseC3D’s clip input size was set to 48, so no “Uniform Sampling” was used as the frame number 
matches the dataset video clip size. A starting checkpoint of PoseC3D that was pre-trained on the NTU60 
dataset was used. The training ran on a single NVIDIA Tesla V100 GPU with no augmentation applied. The 
random crop and flip operations were explicitly removed in the PoseC3D data pipeline, in order to create a 
baseline without any augmentation that can be built upon in future experiments. 

Table 2: PoseC3D accuracy results after training on “Mixed” and “Expert” dataset for 10 epochs with 𝐼! = 1 and 
𝑁"#$% = 48  

 Top-1 accuracy Top-5 accuracy 
Model name Total Beginner Intermediate Expert Total 
PC3D-48-1 „Mixed“ 0.456 0.554 0.418 0.449 0.910 
PC3D-48-1 „Expert“ 0.508 0.433 0.487 0.584 0.952 

 

The results of the evaluation in Table 2 show that PoseC3D did not reach the same accuracy level as on 
NTU60, where it achieved a cross-subject accuracy of 0.941. The best total accuracy result occurred when 
training on the “Expert” dataset with a total top-1 accuracy of 0.508 whereas the training on the “Mixed” 
dataset resulted in a drop of 10.2 %. Top-5 accuracy is close between both variants. Since the test dataset 
includes different amounts of samples per scenario (312 “Beginner”, 713 “Intermediate” and 512 “Expert” 
samples), total top-1 accuracy favors the model that performs better on the “Intermediate” or “Expert” 
scenario. After training on the “Expert” dataset the top-1 accuracy is significantly better on the “Expert” and 
the “Intermediate” test data than on the “Beginner” data. This is assumed to be due to the “Expert” training 
dataset being more similar to the “Expert” and “Intermediate” subsets of the test data than to the “Beginner” 
test data. However, the model trained on the “Expert” dataset is still able to perform reasonably well on 
“Beginner” data with a top-1 accuracy of 0.433. This also proves the assumption that the skeleton based 
approach provided a solid abstraction from the visual appearance of the workers in the original video 
recordings. Additional augmentation techniques may improve these accuracies further and compensate the 
lack of variance in the expert dataset variant. 

The generally worse performance of PoseC3D on the industrial dataset could be explained by the following 
data annotation quality problems and the features used for the actual activity recognition. For one, some 
sections of the video contain ambiguous activities in respect to the defined activity classes, e.g. picking up 
an object with one hand and measuring a part with a tool in the other hand. This aspect can also be seen in 
the confusion matrix in Figure 3. It shows the misclassification behavior of the “expert” model on the 
industrial test dataset. Activity classes “0 - Idle”, “1 - Walking”, “2 - Measure with tool”, “5 - Pick object”, 
“7 - Interact with machine interface” and “8 - Feed part to machine” were mostly classified correctly. Class 
“4 - Test part with hands” was often misclassified as class “2 - Measure with tool”, since it was also a very 
stationary activity and looked similar in the footage. Class “5 - Pick object” and “6 - Place object” was 
often confused with each other, presumably due to it being the same activity but only in reverse. Class “3 - 
Rearrange part” was misclassified most often, which is probably due to its similarity to other classes like 5, 
6 and 8.  

These results show how important choosing the correct activity classes is. Some classes were not 
distinguishable from each other using only skeleton data and may require image features to be distinguished. 
A way to incorporate image features into the pipeline was shown in [9]. In addition, a very precise definition 
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of activities and a significant amount of samples for each of the activities is essential for good recognition 
results.  

 

Figure 3: Confusion matrix of PoseC3D “Expert” with 𝐼! = 1 and 𝑁"#$% = 48 after 10 epochs. Cell numbers specify 
the ratio of occurrence in respect to the total occurrences in the specific row. Activity labels correspond to the 

following classes: “0 - Idle”, “1 - Walking”, “2 - Measure with tool”, “3 - Rearrange part”, “4 - Test part with 
hands”, “5 - Pick object”, “6 - Place object”, “7 - Interact with machine interface”, “8 - Feed part to machine”. 

4.2 PoseC3D input data variation 

As PoseC3D in its baseline configuration with an input clip size of 48 is rather computationally expensive,  
the accuracy results and latency under multiple variations of input clip size 𝑁!"#$ ∈ {48, 24, 16, 8, 4} and 
the respective pose estimation interval  𝐼% ∈ {1, 2, 3, 6, 12} were examined. These combinations were 
selected to retain the same time window of 1.6 s for the input clip. Depending on these parameters, the 48-
frame clips were subsampled. For example, in the case of PC3D-24-2 only every other pose frame was 
collected due to 𝐼% = 2, resulting in 24-frame clips that correspond to the input clip size of 24. The training 
parameters were identical to the experiment of Section 4.1., except for the change in input clip size of the 
model and changing pose estimation interval in data pre-processing. The experiment was again performed 
on a NVIDIA Tesla V100 GPU. These model variants were trained on the “Expert” dataset, because it is 
more relevant to the SLEM use case. It was assumed that there is a trade-off between accuracy and latency, 
especially since lower latency was achieved by using fewer frames that could potentially cause the model to 
not receive enough data in order to make an accurate prediction.  

Top-1 accuracy in the results from Table 3 look very similar across all model configurations, although 
PoseC3D-16-3 achieved the top result with a top-1 total accuracy of 0.513. In contrast to that, top-5 accuracy 
varied more and showed PC3D-48-1 on the high end with 0.952 and PC3D-4-12 on the low end with 0.850. 
These results directly mirrored the reduction in input clip size and pose data per time interval. At last, latency 
results showed that the smallest model input size with 𝑁!"#$ = 4 took the least time to recognize the 
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activities. The total latency result revealed, that only the PC3D-4-12 variant was able to be executed in real 
time in the given time window of 1.6 s and on the given hardware, because the total latency did not surpass 
this time threshold. To lower the latency even further there are several major ways: 

• Optimizing model execution using optimized inference libraries like NVIDIA’s TensorRT
• Scale up hardware, e.g. with more or faster GPU (or comparable specialized hardware)
• Replace pose estimation method with a faster model combination: Faster R-CNN takes 124 ms for

the detection and HRNet 93 ms for pose extraction, in contrast to 19 ms of PC3D-4-12 for activity
recognition. Replacing the R-CNN based object detector with a faster single shot detector like
YOLOX [22] could improve latency significantly with a small loss in accuracy.

Table 3: Accuracy and latency results of PoseC3D with variation of input clip size 	
𝑁"#$% and pose estimation interval 𝐼! after 10 epochs of training on “Expert” dataset. Latency results are measured 

on a NVIDIA Tesla V100 GPU. 

Model configuration Top-1 accuracy Top-5 accuracy Latency (ms) 
Name 𝑁!"#$ 𝐼% Total Total PoseC3D Total 
PC3D-48-1 48 1 0.508 0.952 161 18144 
PC3D-24-2 24 2 0.504 0.918 94 7464 
PC3D-16-3 16 3 0.513 0.904 56 4368 
PC3D-8-6 8 6 0.491 0.880 31 1984 
PC3D-4-12 4 12 0.498 0.850 19 940 

5. Conclusion

This work shows how the state-of-the-art skeleton based HAR model PoseC3D can be applied to an 
industrial setting to enable real time activity recognition for advanced assistance systems like SLEM. With 
SLEM, first steps were taken towards a system to assist new workers in machine operation and reduce 
teaching effort. Specifically, it was of special interest how expert knowledge can be preserved and used to 
guide less experienced workers. Leveraging a machine learning based approach to HAR enables the 
possibility to adapt to a wide variety of machine types without any reprogramming necessary for the 
underlying code base.  

Skeleton based HAR proved useful in reducing complexity of the input data as well as abstracting away from 
the few and select people that are going to be observed in the industrial setting. Resulting accuracies of the 
conducted experiments show that even with data from only one person, skeleton based HAR is able to 
recognize activities of other people. 

Experiments with different variations in PoseC3D’s input clip sizes and the interval used for pose estimation 
during online activity recognition with PoseC3D make clear that inference latency can be reduced by a 
significant amount without noticeably affecting accuracy on the industrial dataset. It was shown which 
pipeline configuration is able to provide real time activity recognition. 

In the future, we continue to improve on this approach by examining promising aspects. Class activities that 
are hard to detect with skeleton data will need further consideration, e.g. by combining high-level image 
features with skeleton data [9]. Additionally, we want to directly compare skeleton based HAR approaches 
with image based methods in the future. Optimization of the total system latency is crucial to use a HAR 
system in a real world application and will be further assessed. Augmentation of pose data promises to 
expand the available dataset and enable the model to generalize better on people with different sizes and 
different habits in executing activities. Finally, the amount of data required to train a robust HAR model for 
industrial applications must be thoroughly studied with respect to application complexity and activity 
classes. 
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Abstract 

After major advances in material research throughout recent years, the industrialization of all-solid-state 

batteries now depends on the development of cost-effective production technology for novel materials and 

components. To enable a fast production scale-up and complex process interdependency handling, 

production engineering needs a quantitative evaluation and comparison approach for manufacturing 

strategies and process parameter settings. To address this challenge, we derive microstructural quality criteria 

from specifications at the product-level such as driving range and charging speed of battery electric vehicles. 

These range from porosity and agglomerate density on a macroscopic level to microscopic properties such 

as pore size distribution and particle contacts. By listing comprehensive characterization methods, the work 

enables engineers to efficiently evaluate these criteria. Experimentally applying the proposed approach, the 

influence of different mixing process parameters is analyzed. Thereby, sulfidic composite cathodes 

manufactured in a scalable procedure are used as samples. 

Keywords 

All-solid-state battery; Battery production; Process development; Quality criteria; Electrode characterization 

1. Introduction

A central issue in present-day society is the search for sustainable energy storage solutions to counteract 

climate change and accelerate the electrification of a wide range of products [1–4]. Due to their beneficial 

storage capabilities, batteries gained significant importance in the process, and forecasts predict a rapid 

increase in global demand in the coming years [5–7]. The strongest driver of this development is the 

electrification of vehicles, which requires a particularly large amount of high-quality battery cells [8, 9]. 

Today, the majority of these cells are conventional lithium-ion batteries (LIB) since they possess 

advantageous storage properties resulting from their rapid development in recent years [10–12]. Despite 

multiple approaches to further improve the LIB capacity by advancing the components’ materials, the 

unsurpassable physiochemical LIB storage potential will be reached soon [12, 13]. Therefore, the only way 

to meet the globally growing demand is the development of novel battery generations [12, 14–19]. Among 

various technologies being pursued, the all-solid-state battery (ASSB) stands out in particular [12, 20–23]. 

ASSBs possess a dense separator made from a solid-state electrolyte featuring high mechanical stability 

counteracting dendrite growth at its anode interface [13, 23, 24]. This enables the use of lithium metal 

anodes, significantly reducing the volume and weight of the battery cell [13, 23, 25]. As a result, an increase 
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in energy density of up to 70 % regarding the volume and up to 40 % regarding weight is predicted [12, 20, 

23]. Furthermore, the solid electrolyte possesses slower calendrical aging, a higher intrinsic safety, as it 

cannot ignite, and in addition, is superior to the liquid electrolyte in terms of ionic conductivity [20, 23, 25, 

26].  

ASSB technology can be subdivided by the materials used as electrolytes [27–30]. Current research focuses 

on the application of polymer, oxide, and sulfide materials [31–35]. This contribution focuses on the latter, 

as it possesses various advantages over polymers and oxides [21, 36]. These include the electrolytes’ high 

ionic conductivity [31, 37, 38], as well as room temperature processing in routes already established in LIB 

production [20, 36–38]. However, due to the low maturity of the technology and especially its currently 

unavailable production capabilities, sulfidic ASSBs have not been utilized in products today [39, 40]. The 

industrialization and application of the sulfidic all-solid-state battery now depend on the development of 

industrial-scale production [12, 24, 36, 38]. To support this aim regarding the sulfidic composite cathode, 

we derive product-specific quality criteria to systematically guide process studies toward high-quality 

components.  

 

Figure 1: Schematic top-view of an ASSB galvanic cell containing cathode active material (CAM), solid electrolyte 

(SE), conductive carbon black (CC), SE separator and lithium metal anode. 

2. Sulfidic all-solid-state battery and composite cathode 

A sulfidic ASSB can be divided into multiple galvanic cells which represent the smallest electrochemically 

operational unit. Such a galvanic cell is depicted in figure 1. It consists of an anode, a composite cathode, 

and a separator in between [24, 36, 41]. While the electrodes provide the host structure for lithium-ions 

enabling electrical energy storage, the separator serves both as electrical insulation and an ionic connection 

between them. During battery charging, ions move from the composite cathode through the separator and 

deposit onto the anode. Simultaneously, electrons flow from the composite cathode to the anode, driven by 

an electrical charger outside the cell. During discharging, respective directions are reversed and a product 

consuming electrical energy is powered. 
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The sulfidic all-solid-state composite cathode is composed of an aluminum current collector for electrically 

contacting the electrode, lithium-ion storing cathode active material (CAM), conductive carbon (CC) 

improving electrical conduction within the cathode, a polymeric binder setting mechanical properties, and 

sulfide solid electrolyte (SE) [36, 38]. The latter is new to battery technology and specific for this type of 

ASSB. The SE is an ion conductor and enables lithium ions to move between the electrodes during the 

charging and discharging of the cell. Due to the fact, that the composite cathode is the largest and heaviest 

component of a galvanic cell, it possesses high influence on an ASSBs’ energy density. The same correlation 

exists in terms of power density, as ion-conducting pathways are most critical inside the cathode. It can thus 

be concluded, that harnessing the full potential of sulfidic ASSB cells is only possible by managing the 

establishment of quality-oriented production technology for its composite cathode. 

The identification of suitable manufacturing routes, stabilization of individual processes, and fine-tuning of 

their parameters are the focus of the composite cathode production scale-up [42–44]. According to the 

current state of research, slurry-based production processes already in use for manufacturing conventional 

electrodes may be applicable [36–38]. These include mixing, coating, drying, and calendaring. The major 

difference and novelty to production technique compared to LIB cathode production is the addition of the 

electrolyte as one of the cathodes’ integral constituents at the beginning of the production process [12, 13, 

45, 46]. As its production-related properties are unknown, the transfer of expertise from manufacturing LIB 

cathodes is limited. Accordingly, comprehensive studies are necessary for establishing suitable processes. 

To provide a basic understanding of the composite cathode design choices, table 1 contains the correlation 

between the cathode constituents and an ASSB cells’ energy and power density. The former correlates 

product characteristics such as the driving range of an electric vehicle, the latter influences properties such 

as its acceleration and charging speed. 

Table 1: The influence of component-level sulfidic composite cathode design choices on product-level vehicle 

performance, like charging speed or acceleration and driving range is shown. Therefore, the influence of the design 

parameter’s increase to the respective component-level quantity is indicated by ↑ (increase) or ↓ (decrease). 

Criterion ↑ Function Energy density Power Density 

CAM|SE ratio Higher lithium-ion storage capacity ↑ ↓ 

Loading Shorter lithium-ion pathways ↓ ↑ 

CC share Higher electric conductivity ↓ ↑ 

Binder share 
Lower weight and volume of inactive 

material 
↓ ↓ 

 

The CAM|SE ratio describes the relative amount of cathode active material to solid electrolyte in the 

composite cathode. Adding more lithium-ion storing CAM and simultaneously reducing the solid electrolyte 

share will lead to an increase in energy density [45]. For an increase in power density, the ratio should be 

reduced to provide more ion-conducting electrolyte and a lower flux density in the composite cathode [22, 

56]. This enables faster ion transport and therefore reduces charging and discharging times [38]. However, 

varying the volume fractions beyond certain thresholds may lead to either an excess of unused CAM or 

stagnation in power density [22, 45]. The additive shares relate to conductive carbon which provides 

electrical conductivity and binder enabling mechanical stability [36, 38]. Since both materials do not 

contribute to lithium-ion storage, their share should be as low as possible in terms of energy density increase. 

However, to boost power density, the proportion of CC should be increased to ensure sufficient electrical 

conductivity, correlating to simultaneously increasing ionic conductivity [47]. Through a cathodes’ loading, 

the storage capacity available per unit of area is influenced. The higher the loading, the thicker the 
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component. This leads to an increase in energy density due to the fact, that fewer separators and current 

collectors are incorporated given a certain cell geometry. However, since thicker electrodes result in longer 

ion pathways, loading should be reduced to increase power density [23, 45]. 

3. Microstructural quality criteria for composite cathodes  

To support the development of production technology for sulfidic composite cathodes, we provided 

orientation for process engineers understanding of sulfidic composite cathodes regarding the influence of 

various constituents in the previous chapter. For a certain composite cathode composition, both energy and 

power density are highly influenced by production processes as they set details of the microstructure 

determining its performance in an ASSB [22, 45]. Consequently, the task is to optimize both criteria by 

finding suitable production processes and their parameters. 

 

Figure 2: Schematic representation of the particle distribution within the sulfidic composite cathode. For illustration, 

not all constituents are shown. A) Conductive carbon black (CC) enables electron conduction between the cathode 

active material (CAM) particles and the aluminium conductor foil. B) CC, CAM and solid electrolyte (SE) are shown. 

C) SE particles enable ion transport between CAM particles and the separator.       

To address this challenge new to production technology, battery cell performance determining cathode 

microstructure quality criteria are derived (Table 2), providing the baseline for quantitative comparison of 

their influence. They enable the quality-oriented identification of suitable processes and their parameters 

along the entire process chain. In the following, the quality criteria are listed, and explanation of their 

principles of action and application is given. 

Porosity 

A composite cathodes' porosity is defined as the pore volume in relation to the total volume [48, 49]. As 

described earlier in LIB technology these pores are infiltrated by the liquid electrolyte, however, for ASSB 

production, the electrolyte material is already added to the cathode slurry [36, 38, 50–52]. Thus, the 

remaining porosity represents the share of empty volume not contributing to a battery’s functions, reducing 

energy and power density. Therefore, porosity is associated with the lack of particle contacts, being relevant 

for most of the derived quality criteria. Via complex to measure but precise mercury intrusion porosimetry 

(MIP) spectra, the quantification of pore sizes and frequency of appearance is enabled. These can further be 

interlinked to the pores’ causes. In contrast, porosity-determining volume and mass measurement (VMM) is 
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an easier way but provides no details regarding the pore size distribution. Reducing the porosity of the 

composite cathode to a minimum, while keeping good particle distributions is one of the main goals in 

composite cathode production as it significantly influences the ASSB cells’ performance [45, 53]. 

Table 2: Sulfidic composite cathodes quality criteria applied for the evaluation of production processes and their 

parameters are listed. The feature optimization (Opt.) describes if a criterion is to be maximized (↑) or minimized (↓) 

to enhance quality. A relatively easy achievable process adaptation for a criterion’s fulfillment (ful.) is indicated with 

+, a difficult one with -. In addition, features are classified about their cell-level functions, improving (↑), decreasing 

(↓), or not affecting (o) electric or ionic conductivity.  The last column lists possible characterization methods of each 

quality criterion and gives orientation for its measurability (mea.), which is indicated by high (+) and low (-). 

Quality criteria Function Characterization 

Material Criterion Opt. Ful. Electric Ionic Method Mea. 

- Porosity ↓ - ↓ ↓ VMM, MIP + 

CAM 
Homog. of distr. 

CAM 
↑ + ↑ ↑ SEM, EDS + 

 

SE 

Contact SE|CAM  

↑ 

 

 

- 

 

o 

 

↑ 

 

SEM, MIP + 

Contact SE|SE SEM, MIP + 

Homog. of distr. SE SEM, EDS, MIP + 

CC 

Contact CC|CAM  

↑ 

 

 

+ 

 

↑ o 

SEM  - 

Contact CC|CC SEM, MIP - 

Homog. of distr. CC SEM, EDS, MIP + 

  

 Cathode active material 

The CAM particles are starting point of electron and ion pathways through a cathode’s microstructure [56]. 

That is why their distribution and connection are influential to the electrical and ionic conductivity of 

composite cathodes. The homogenous distribution of CAM enables SE and CC particles to fill gaps between 

the larger CAM particles. This counteracts the formation of CAM particles separated from the conduction 

cluster and therefore ensures high CAM utilization rates. Furthermore, the homogeneous distribution, lowers 

both, ion and electron pathway length and flux density, ultimately decreasing resistances [45, 53-55]. Process 

wise the distribution of CAM particles is rather easy to achieve but is linked to SE particle distribution and 

can therefore be aggravated. To determine the criterion, scanning electron microscopy (SEM) can be used. 

CAM particles are easily identified on top-view images of cross-sections, the estimation of their distribution 

can be conducted qualitatively by humans. If needed Energy-dispersive X-ray spectroscopy (EDS) further 

simplifies CAM particle identification. Because of its central functional role, the homogeneity of CAM 

particle distribution is an important quality criterion. 

 Solid Electrolyte 

During charging and discharging, solid electrolyte particles are constituting the conductive element for ion 

transport. The interrelation between a composite cathode’s microstructural geometry on the ionic 

conductivity is characterized by the tortuosity factor [57]. This describes the ratio of the length of the 

effective lithium-ion pathway to the shortest possible pathway. It should be as low as possible for an even 

flux density and low ionic resistance. To increase ion conduction and therefore keep the tortuosity factor 

low, the active interface area formed by CAM and SE particles contacts are crucial as they allow lithium 

ions to enter and leave CAM particles during charging and discharging. The more pronounced the contact, 
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the lower the ionic interface resistance [45, 53-56]. Process-wise, this parameter is very difficult to adjust. 

Due to differences in the size of the SE and CAM particles, contacts can be approximated by MIP and 

identified using SEM. In addition to SE and CAM particle contact, individual SE particles must be in good 

contact to reduce the ionic resistance of the composite cathode [40]. Due to the easily detectable SE particles, 

the fulfillment of this criterion can be evaluated using SEM images or detected via MIP spectra. Furthermore, 

unfavorable SE particle distribution leads to increased tortuosity, and thus lowers the composite cathode 

ionic conductivity. This results in lower power densities through slower ion transfer and lower energy 

densities because of inactive CAM particle fractions.  It can be qualitatively analyzed rather precisely by 

humans via particle detection on top-view SEM images as well as cross-sections. 

Conductive carbon 

To increase the composite cathodes’ electrical conductivity resulting from CAM particles, graphite-based 

CC is added to conduct electrons between the CAM particles and aluminum conductor foil [47]. To achieve 

the lowest possible electrical resistance, the contact between CAM and CC, as well as between different CC 

particles should be as pronounced as possible. Similar to the distribution of CAM and SE, the homogenous 

CC particle arrangement ensures sufficient electrical conduction, lowering electrical resistance [57]. 

Process-wise, the relatively small carbon particles are easily distributable, but can hardly be identified by 

SEM images or mercury intrusion porosimetry spectra. Accordingly, EDS analysis is used to identify carbon 

atoms' locations. 

4. Procedure for applying quality criteria to production processes 

Since knowledge of the production processes is currently unavailable and expertise from the manufacturing 

of conventional batteries is hardly transferable, an iterative approach must be taken to design suitable 

processing routes. Thereby, the knowledge of the quality criteria and their characterization plays a central 

role. Because only through the systematic comparison of their fulfillment, the influence of routes, processes, 

and parameters becomes quantitatively comparable. 

When applying the quality criteria for production development, a total of three stages must be passed.  

1. At first, the object of investigation must be chosen. This may be an entire manufacturing route 

consisting of multiple processes, an individual step composed of various parameters, or the variation 

of just a single process parameter.  

2. Composite cathodes must be produced, and the quality criteria to be investigated chosen. The focus 

can be on all criteria at once, but of course also refer to only one single aspect, which is determined 

by the stage of process development. The former tends to be suited for entire manufacturing routes 

and initial production trials, the latter for the fine-tuning of individual steps and their parameters. 

After cathode production, the respective characterization methods are applied.  

3. In the last step, the evaluation regarding the fulfillment of quality criteria is conducted. The 

application of this approach is independent of the production scale under consideration. Thus, it suits 

both the manual manufacturing of both laboratory-scale components as well as the production of 

large-format composite cathodes in industrially relevant processes. 
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Figure 3: Cross-section of a densified sulfidic composite cathode after processing in a wet chemical route at the 

Institute of Machine Tools and Industrial Management. On the top right, an SE agglomerate is highlighted in red. The 

composite cathodes remaining porosity originates from voids between particles.  

5. Exemplary analysis of quality criteria for process development  

To demonstrate our approach, it is applied for the analysis of a scalable wet chemical process chain. The 

chain is built from mixing, coating, drying, and pressing steps which are executed in a similar fashion already 

described by Sakuda et al. [38]. Also, the composite cathodes material composition is adopted. 

The aim of the exemplary analysis is the identification of the influence of the mixing duration on the quality 

criteria porosity and particle distribution before and after the pressing step. Therefore, the mixing duration 

is set to 2, 32, and 64 minutes, while all other process parameters as well as the material composition are 

kept constant. After producing uncompressed uand compressed composite cathodes with varying mixing 

durations, VMM, SEM, and EDS analyses are carried out to analyze the quality criteria. 

For the mixing time of two minutes, the resulting slurry possesses large agglomerates. Therefore, it is not 

further processed. Measuring the porosity using VMM measurements it is indicated that for mixing times of 

64 minutes the resulting cathodes porosity before and after compaction is higher compared to 32 minutes 

mixed composite cathodes. The SEM images show potential explanation in higher SE agglomeration for the 

longer mixing times. For all process parameter sets, agglomerates are visible. Through the SE agglomerates 

the CAM and SE distributions are negatively affected, as visible in figure 4 column A. The local SE 

exaggeration leads to the formation of SE poorer regions, possessing a high CAM share and mediocre 

CAM|SE contacts. Tough through compaction CAM|SE and SE|SE contacts are improved by SE 

deformation; distributions are not. SEM images indicate that for the 2 min mixed processing route much 

worse SE|SE contacts are achieved compared to the other two parameter sets. The CC distribution and 

contacts can be investigated by the identification of CC particles on SEM images in combination with EDS 

analysis. The results show a good distribution for CC particles for all three investigated parameter sets, 

highlighting the rather easy manageability of its distribution during composite cathode slurry mixing. 

Conclusively the results indicate poor fulfillment of the derived quality criteria for all three cathodes. This 

is indicated by high porosities and low distribution and contact qualities for CAM and SE, which are 

expected to lead to reduced ionic conductivities. Though the cause of agglomerate occurrence cannot be 

deduced, quality criteria can be used for further hypothesis-driven experimentation and evaluation. These 

could potentially investigate if the agglomerates are induced by the supplied SE materials and give further 

insights into whether they grow through the mixing process. 
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Figure 4: In column A backscatter SEM images of the uncompacted composite cathodes are shown, especially 

highlighting CAM distribution. In column B, secondary electron detector images indicate the particle contacts, 

associated with the non-compressed and compressed cathodes. The third column shows EDS analysis indicating the 

CAM and SE distribution after the compaction step, the active material is marked purple, while SE olive. Porosities 

are calculated using averaged VMM measurements for 8 samples, scales are introduced per column. 

6. Conclusion and outlook 

Sulfidic ASSBs represent a promising candidate for the next generation of electrochemical energy storage 

systems. However, industrial-scale production technology necessary for their application is currently 

unavailable. To support the identification of suitable manufacturing routes, processes, and their parameters, 

microstructural quality criteria are presented focusing on composite ASSB cathodes. For each criterion, 

possible measurement techniques are listed for their quantification. An exemplary use case focusing on the 

evaluation of the mixing durations influence on selected criteria is described to show the approach’s 

applicability. 

Further investigations may focus on improving and automating quantification methods for the proposed 

quality criteria. In the long term, this could be used as feedback in an automated process parameter 

optimization loop. In addition, aspects such as the sensitivity of the quality criteria regarding process steps 

and their parameters may be analyzed. 
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Abstract 

In today’s interconnected world, the pace of change is increasing gradually and the effects of an event can 

propagate and disrupt industries, organizations or companies more dramatically and quickly. Therefore, 

having a comprehensive overview of the environment is a precious asset for resilience and sustainable 

growth. One enabler of the above-mentioned interconnectedness is the rapid flow and vast availability of 

information in text form, which can be also used as the fundamental resource to understand the shifting 

environment. Hence, actors can be able to become aware of changes at an early stage. The underlying 

patterns to filter relevant information can be detected by learning from data, or more specifically machine 

learning. Natural language processing (NLP) techniques can be applied because text data is analyzed. 

However, to embed the expertise and perspective of the user into the initial model, data should be labeled. 

This requires valuable expert time from the organization for the labeling, thus it should be minimized. This 

study aims to present an efficient and user-friendly solution for data labeling. To achieve this, a modularized 

Active Learning-based backend is combined with an intuitive interface. The output of this labeling process 

will be used further to train a model for environment analysis. Nevertheless, the main focus of this paper is 

the development of a solution to maximize efficiency during data labeling for environment analysis. After 

an introduction to the problem, the overview of the suggested solution accompanied by a prototype will be 

demonstrated. 

Keywords 

Business Environment Analysis; Active Learning; Natural Language Processing; Machine Learning; Data 

Labeling 

1. Introduction

A critical challenge for companies is planning future-oriented strategies, especially since today's 

environment is characterized by transformations [1]. Unpredictable, disruptive events (e.g. the Corona crisis) 

and dynamic developments are becoming increasingly difficult for companies to assess. Moreover, 

disruptive influences often put companies in the situation of having to make decisions with long-term effects 

within a short period of time [2]. Trade barriers, for example, have a direct influence on the supply chain 

and can force a company to quickly decide on alternative ways to source resources under uncertainty.  

Foresight and corporate environment analysis are key to identifying risks and opportunities and ensuring the 

long-term competitiveness of the company [3]. JAIN [4] identified the connection of environmental 

influences with the business strategy as an essential component for a future-oriented, agile company. To this 

end, making trend predictions and differentiating between relevant and irrelevant environmental influences 
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are elementary components [4]. However, especially in small and medium-sized enterprises (SMEs), there 

are various barriers to carrying out environmental analysis, including high personnel and financial costs 

[5,6]. Moreover, the complexity of dynamic influences requires a solid overview of relevant information for 

short- and long-term decision-making. For this reason, the Fraunhofer Institute for Production Systems and 

Design Technology (IPK) has developed a model-based interactive situation awareness monitor and liquidity 

assessment for enterprise resilience management to provide SMEs in particular with a well-founded and 

company-specific basis for decision-making, even in times of crisis. In addition to information on the 

corporate environment, information on suppliers, their production and orders are visualized. The aim of this 

study is to provide content for a news ticker which is displayed on the situation awareness monitor. [5]  

Consideration of context while displaying relevant information from the corporate environment requires 

analyzing data intelligently instead of providing unfiltered data from certain resources. This could be realized 

by Machine Learning (ML), more specifically Natural Language Processing [7], if data is in text format. 

However, this context filter model should be tailored to each organization. The perspective of the 

organization can be transferred into the ML model by labeling data. One or more individuals from the 

organization should label a various number of information based on relevancy. However, this task is manual 

and time-consuming, which is a problem especially when expert time is involved. To minimize the effect of 

this barrier, an Active Learning (AL) based labeling solution is developed which will be presented in this 

paper. This labeled data can be used to develop the initial model, which can be utilized for further 

implementation in the environment analysis pipeline. Nevertheless, the scope of this paper is concentrated 

on data labeling and Active Learning. Additional steps in the environment analysis pipeline such as training 

and performance of NLP models are part of further research and therefore not covered in this paper. 

The logic behind the approach using text data, supervised ML and Active Learning for environment analysis 

is addressed in section 2. Next, existing approaches from Active Learning are presented (section 3), followed 

by the application (section 4) and discussion (section 5). The paper concludes with a summary and outlook 

(section 6). 

2. Problem Description 

2.1 Input Data for Environment Analysis 

Data can take different forms. A popular depiction of data is in tabular form, which is known as structured 

data. These types of data can be sorted, searched, modified and analyzed via conventional methods. 

However, they constitute a small portion of data because most of the data created today are unstructured in 

the form of text, image, sound, etc. [8]. This also applies to environment analysis, since real-time information 

coming from the outside world (e.g. news articles) is generally in raw format and not always pre-processed 

or put into the structured format. Therefore, analysis of unstructured data is key for environment analysis.  

Text is an informative and effective form of unstructured data, considering news, tweets and other written 

media. This is how people consume information. Other forms such as images or videos are also valuable 

sources, but even those are captioned by text. For example, a picture of a ship lodged on the ground may not 

have much meaning. However, if this picture is captioned as “The giant ship is causing a traffic jam in one 

of the world's busiest waterways” [9] in coverage of the famous Suez Canal blockage, it has much more 

context and meaning to a decision-maker. Moreover, text data is relatively lightweight compared to images 

and video. Therefore, text data from news providers will be considered in this study.  

2.2 Requirement for Machine Learning 

The relevance of a text can be intuitively evaluated by a human being, but it is not straightforward for a 

machine to mimic this behavior. The first option to consider is rule-based methods such as regex-based filter 
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or ElasticSearch [10]. The required information can be found by using keywords or search queries. Similarly, 

certain rules can be established to filter relevant information. However, some problems may arise. First of 

all, it is a static solution and does not learn from experience. Secondly, some information or themes can be 

overlooked because in a basic search it is known what to look for, but developing a filter to find relevant 

information is a broader task. This is where ML comes into consideration. Using ML allows one to inherit 

complex patterns in the data and develop more capable solutions. Therefore, an ML model will be trained to 

filter relevant news. The model can be considered as the context filter which is the first step of the pipeline 

and chained with further models or even rule-based filters for further refinement.  

The problem could be described as a text classification problem but it can be approached as both supervised 

or unsupervised learning. Supervised learning methods learn from labeled data (i.e. input-output pairs) so 

that new inputs can be mapped to respective outputs [11]. In the case of environment analysis, tailored 

solutions should be developed for each organization. Thus, to apply supervised learning, data should be 

labeled based on the preferences of the corresponding organization. This prerequisite for supervised learning 

is an incentive to consider unsupervised learning.  

Unsupervised learning algorithms try to discover patterns in data without labels [11]. For this problem, 

clustering algorithms [12], which is a sub-field of unsupervised learning, could be used to divide data into 

groups based on similarities of data. Each cluster can be analyzed and labeled based on relevancy and new 

data can be evaluated based on the cluster it is mapped to. However, dividing data into ideal, desired and 

homogeneous clusters is a challenge and tuning of a clustering algorithm requires effort which can be 

illustrated by varying results of different clustering algorithms on the same dataset [12]. Therefore, 

supervised learning is the more attractive option despite the requirement of labeling.  

2.3 Data Labeling 

In the case of environment analysis, one or more people from an organization with sufficient and 

comprehensive domain knowledge should evaluate the selected text data based on relevancy and label the 

data. This means a considerable time and effort of experienced employees should be dedicated to such a 

manual task. Therefore, an effective and efficient choice of data to be labeled is vital. Considering the variety 

of news providers and the amount of news published daily, the raw pool can be large. Titles and short 

descriptions of 29,040 articles from various German news providers are acquired as text data for environment 

analysis. The next step is to select the data to be labeled. 

The first and the simplest option is random sampling. The problem with this approach is that it can lead to 

an unbalanced data set, which means the data could include many articles which will be labeled as irrelevant. 

This is detrimental for ML model training [13]. However, this phenomenon is highly likely for environment 

analysis because the articles which are specifically relevant for an organization will be small among all 

themes in the article pool such as sport, entertainment and technology. Assuming only 1,000 out of 29,040 

articles were relevant, on average 35 articles are expected to be relevant in a sample of 1,000. The second 

option is inspired by how people look up information on the Web in daily life. The information is filtered by 

search queries or rule-based filters. Then, the desired information is searched within this distilled list of 

options. Similarly, the articles can be filtered based on one or more words and filtered articles could be 

labeled. However, that might result in overlooking some articles or themes as mentioned before. Another 

option is Active Learning [14–16] which is a method used to address the labeling problem in ML and 

provides informed choices on data for labeling and is elaborated in the following section.  

3. State of the Art of Active Learning 

Active Learning aims to make informed queries from unlabeled data based on the output of learning 

algorithms so that labeling of these queries will allow the model to perform better [14,16]. Therefore, target 
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performance can be reached with fewer queries and faster compared to random selection [15,16]. This aspect 

is valuable for environment analysis data labeling since valuable expert time is minimized by fewer data to 

label.  

The general procedure of AL is provided in Figure 1. It starts with small set of already labeled data which is 

enough to train a learning algorithm. These initial data can be selected by diversity sampling strategies (will 

be covered) or randomly and be labeled. This is depicted by the dashed line in the figure. This labeled (initial) 

data is used to train the model/learning algorithm. Then, the trained algorithm selects (queries) data from the 

unlabeled (pool) dataset, labeling of which is considered valuable by the algorithm for the goal being sought. 

The term “goal” is mentioned here because it is generally stated as accuracy in literature  [16]. However, it 

can differ based on the type of query strategy, which will be covered. Selected data for labeling is examined 

by the user or expert, which is named as “oracle” in AL literature [14,16]. The oracle labels the data which 

is transferred from the pool dataset to the initial dataset, which is generally done automatically. Afterwards, 

the algorithm can be refitted based on the updated version of the labeled dataset, which allows it to make 

more informed choices. The updated algorithm can query the new data and the cycle repeats itself. In the 

environment analysis example, the algorithm selects an article from the unlabeled news dataset which is 

shown to the user. The user only reads the article and labels it as relevant(yes) or irrelevant(no). The labeled 

article can be removed from the pool dataset and appended to the labeled dataset in the background 

automatically. The algorithm can be retrained with labeled dataset and can query the next article. Although 

data can have more than two dimensions, the plot on the right shows an example in 2D just for visualization. 

The queried data point and labeled data can be observed. 

 

Figure 1: Generic flow of Active Learning and its representation on 2D scatter plot. Data were taken from the BBC 

News dataset [17]. Vectorized articles are projected on 2D via t-SNE [18] just for visualization purposes.   

The goal, which is tried to be achieved by each query, can differ as mentioned before and AL query strategies 

can be classified based on this aspect. SETTLES [16] provides a good survey on query strategies, but they are 

not grouped. However, according to KUMAR, GUPTA [14], query strategies can be classified as informative-

based and representative-based for classification problems. MUNRO [15] calls them uncertainty sampling 

and diversity sampling respectively, although uncertainty sampling is considered as a sub-category of 

informative-based strategies [14]. Nevertheless, informative-based strategies also focus on uncertainty, so 

underlying aims and logics are similar [14]. In this article, uncertainty sampling and diversity sampling are 

used for classification. 

The knowledge quadrant by MUNRO [15] can be used to clarify the goals of strategies. Every data point 

belongs to one of the quadrants at a state which can be explained in the context of environment analysis. The 

first quadrant focuses on “Known-knowns”, i.e. ML model knows that it can predict those data points (e.g. 

news articles) with high accuracy. This represents the “current model state”. The points in the “Unknown-

knowns” category are not correctly predicted by the ML model although the model is sure about it. This is 

bound to model performance and can be improved by “transfer learning” or a better model design. The third 
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category is “Known-Unknown”. The ML model knows that these data points are confusing. For instance, the 

model cannot confidently tell whether these news articles are relevant or irrelevant. These data points are 

close to the decision boundaries of the model. Such data points are queried by “uncertainty sampling”. 

“Unknown-unknown” data is beyond the model’s knowledge since they are not labeled yet and could change 

the perspective of the model when labeled. This is caused by lacking diversity of data and can be tackled by 

“diversity sampling”. The model thinks it is sure about such news but has not got a labeled sample from this 

theme which could lead to false prediction. 

3.1 Uncertainty Sampling 

Classification models try to draw a decision boundary between labeled data points, which allows them to 

distinguish and assign these data points as shown in Figure 2.a. The data points are again projected to 2D 

via TSNE [18] just for better illustration. In the Figure, the model is trained based on labeled data (yes/no) 

and the decision boundary is illustrated by the hypothetical (manually drawn) line. In this example case, the 

model predicts points on the left and right of the boundary as relevant (yes) and irrelevant (no) respectively. 

The model tends to predict the points away from the decision boundary confidently. However, the points 

closer to the decision boundary are risky for the model to predict. Uncertainty sampling aims to query such 

points. In the below example, the points queried by the uncertainty sampling strategy are in the region of the 

boundary as expected. Uncertainty query strategies try to select data for labeling which could contribute to 

the model performance the most [16]. Thus, after labeling each query, the model can distinguish categories 

better which improves accuracy. For instance, the environment context model becomes better in 

distinguishing the relevancy of known themes after each uncertainty sampling query. However, what if the 

labeled data only consists of certain topics? Then the model assumes only these topics exist and tries to 

classify only them. Therefore, the variety of data is vital, which is achieved via diversity sampling. 

 

Figure 2: Queries taken via simulation based on true labels starting from the same state for ten iterations with 

different strategies (a) Uncertainty Sampling vs. (b) Diversity Sampling. A hypothetical decision boundary is 

manually drawn for uncertainty sampling to emphasize pattern. Data were taken from a BBC News dataset [17]. 

3.2 Diversity Sampling 

Diversity sampling aims to query representative data points from the unlabeled data set [14] . The target is 

to solve the problem mentioned above. Uncertainty sampling without diversity sampling would focus more 

on the insights provided by the currently labeled data, and if it is not representative, the model will have gaps 

[15]. This phenomenon is essential for environment analysis since the expected result is to provide 

comprehensive information from the environment to the user as much as possible. If certain topics are 

overlooked and not labeled, the model would be trained without this knowledge and make inaccurate 

predictions. For example, if the labeled data contains only news about electronics, the uncertainty sampling 

tries to clarify the decision boundary for this topic (see Figure 2.a). In this case, topics such as Covid-19 or 

logistics which might be further away from electronics articles in vector space will be ignored. This will 

result in an incomplete recommendation from the context model. Diversity sampling helps to overcome this 
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issue as shown in  Figure 2.b. Nevertheless, diversity sampling will not focus on the data which might be 

predicted incorrectly by the model and this results in a less marginal positive impact on model performance 

compared to uncertainty sampling. 

3.3 Hybrid and Advanced Strategies 

The trade-off between diversity and uncertainty sampling strategies can be addressed by hybrid and 

combined models. Hybrid strategies merge both diversity and uncertainty into a single strategy [14]. 

Querying Informative and Representative Examples (QUIRE) [19], Learning Active Learning (LAL) [20], 

Self-Paced Active Learning (SPAL) [21] are some applications. However, these methods try to solve the 

problem end-to-end via complex metrics [14] which hinders interpretability for use cases and algorithms 

may become slower. This causes latency and more expert time for labeling. To address this issue, MUNRO 

[15] suggests advanced strategies which try to combine the advantages of two strategies more explicitly by 

applying them sequentially. For example, uncertainty sampling could be used to query some data points 

which could be further filtered by diversity sampling. However, this involves narrowing down samples via 

simple strategies one by one.  

  Query Strategies 

  Uncertainty Sampling  Diversity Sampling Hybrid Strategies Combined Strategies 
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Figure 3: Comparison of existing strategies based on designated criteria for environment analysis 

Figure 3 provides the evaluation of strategies from each type based on the criteria essential for the 

environment analysis labeling procedure. It can be seen that combining strategies can supplement diversity 

and uncertainty simultaneously at the cost of speed and simplicity. 

4. Application 

AL query strategy categories for classification problems and the trade-off between them are explained in the 

previous section. The context model for environment analysis solves a text classification problem and AL is 

a suitable method because oracle (i.e. expert, user) can label the data intuitively. However, expert time for 

labeling should be minimized and the labeled dataset should be adequately diverse and informative for the 

model. Moreover, the labeling experience for the user should be smooth. Considering all these aspects, a 

web-based prototype for AL with a modular backend for different strategies is developed and actively used 

for labeling by the industry partners. Python programming language is used for development. 

4.1 User Interface  

AL queries data based on the current state of the initial (labeled) and pool (unlabeled) dataset and learning  
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algorithm for data selection should be regularly updated after each iteration of labeling, especially for 

uncertainty sampling. Therefore, it is not possible to give a static datasheet to a user to label data. There are 

AL strategies that enable batch sampling. These are especially valuable if the query strategy is time-

consuming and computationally heavy, but they are likely to suffer from adaptivity and redundancy [14]. 

Therefore, they are not preferred especially for uncertainty sampling.  

 

Figure 4: Active Learning Interface 

A web-based user interface is developed to provide a smooth and adaptive labeling experience (Figure 4). 

The learning algorithms and strategies are updated in the backend when necessary while displaying selected 

queries in the front end. The current news headline and its description are shown on the top left with three 

buttons for labeling: relevant (blue), not relevant (yellow), ignore/not sure (gray). Ignore option is included 

to reduce noisy labels from users when they are not confident and they are simply ignored. Such data points 

are no longer queried for labeling and are not used to train the model since the user is not sure about them. 

On the bottom left, a paginated list of labeled data (history) can be observed, filtered, selected and modified. 

The articles on the list are displayed by an accompanying scatter plot where they are projected on the 2D via 

dimensionality reduction (TSNE[18]) and colored in line with labeling buttons. The models are trained on 

high dimensional vectors, but reduced 2D coordinates are shown just for interactivity. Moreover, these 

compressed/reduced 2D vectors still contain patterns in original data, so users can see forming clusters. On 

the top right, the current status can be observed. This simple interface allows users to label the data quickly 

while getting adaptive queries from the backend as described in Figure 1.  

4.2 Modular Backend: Chaining Strategies 

The aim of the modular backend is plain. The query strategies are chained one by one in order. Active 

strategy selects instances and the user labels them. After the designated number of queries are made with the 

strategy, the next strategy is initiated. The idea can be described as follows. The chain comprises diversity 

and uncertainty sampling methods interchangeably. Diversity sampling tries to fill the gaps in the 

information available to the model by selecting representative instances based on the current state. This is 

expected to confuse the model because new topics or themes will be introduced. In other words, the decision 

boundaries in some areas of feature space become vague. In the next step, uncertainty sampling strategies 

try to reduce disruption caused by increased diversity. This is done by selecting points to improve the 

model’s performance. This exchange between strategies is repeated as much as necessary. Active Learning 

strategies try to maximize marginal contribution on accuracy as covered in the literature on individual 

strategies [23,19,24–26]. The exchange between diversity and uncertainty sampling improves coverage on 

topics in the dataset and distinction capability on these topics respectively.  
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The modular structure is developed based on the modAL (Modular Active Learning) framework [27]. It 

contains some strategies by default, but it also provides plug-and-play option for custom-made query 

strategies. Strategies such as basic uncertainty sampling, margin sampling, entropy sampling and query by 

committee are inherited from default functions [27]. Nevertheless, strategies such as cluster-based AL [15], 

density-based sampling [14] or advanced strategies like uncertainty-representative sampling [15,16] are 

developed and implemented. Moreover, these strategies are optimized for low latency sampling. Custom and 

tailored methods are also developed. One strategy tries to boost the number of positively labeled data 

(relevant) to reduce unbalance. Another strategy aims to increase diversity based on Radial Basis Function 

(RBF) Kernel [28] based similarity. They are also implemented as a strategy in the modular chain. 

Order, repetition and parameters for strategies can be set by a config file. If there is no initial data, the chain 

starts with a cluster-based or kernel-based strategy since they do not require a pre-trained model on labeled 

data to query. Moreover, the query with this initial strategy continues until the minimum required amount of 

data from each category (relevant-not relevant) is obtained. Then, the following strategies in the chain are 

activated in order. The latency is reduced since algorithms are optimized for speed or selected accordingly. 

Preprocessing of pool (unlabeled) data including vectorization, clustering and dimensionality reduction is 

also done beforehand to prevent unnecessary computations during deployment. The combination of these 

properties, chained strategies and interactive interface provides a seamless experience for the user to label 

the informed selection of samples.  

5. Discussion

The modular structure uses individual strategies, which are not novel by themselves and most of them are 

implemented based on existing methods. The main objective or contribution of this presented solution is to 

utilize the labeling effort of the user most efficiently. A context model will be the output of labeled data. 

This context model should mimic the perspective and mindset of the users as much as possible, to filter new 

information based on their preferences.  

The current AL solution by nature provides intelligence to the labeling process. However, manual chaining 

of strategies via a config file can be improved. The goal sought by each strategy can be defined. Then, the 

current state during the labeling can be monitored via metrics or algorithms. These metrics could be used to 

trigger the transition between strategies. For example, if model performance is no longer improved by the 

current iteration of uncertainty sampling, diversity sampling can be initiated. The other aspect to consider is 

the static pool of data used during the labeling process, even if the data is up-to-date at that time. The context 

model will be trained based on this data. Therefore, methods should be implemented to recommend new 

topics to the user and learn their preferences toward them. This can be achieved by integrating trend detection 

methods [29] or tools [30] in the pipeline. 

6. Summary and outlook

Awareness and vigilance are valuable in today’s turbulent business environment. The utilization of big data 

could help to reap this benefit. Environment analysis tries to find the relevant information for an organization 

from the outside world and present it in a structured manner. This paper presents an approach to develop the 

first step of the pipeline for this analysis. The necessity of labeled data is explained, and the application of 

Active Learning is shown to satisfy this prerequisite efficiently and seamlessly. The goal is to minimize the 

expert time spent and amount of data labeled as much as possible to have a comprehensive understanding of 

which information the corresponding organization deems worthy. The user interface and modular backend 

consisting of chained query strategies, some of which are optimized and tailored for the problem, enable the 

goal. The overcoming of limitations originated from lack of intelligent transition between query strategies 
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and integration of new trends and topics into the finalized system should be considered. The next step is to 

filter and analyze the data further based on the integrated enterprise model (IEM) [31] and the data of 

enterprise IT systems from an industry partner. Finally, relevant and tailored information for the organization 

will be displayed on the situation awareness monitor [5]. 
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Abstract 

Recently, blockchain-based tokens have earned an important role in fields such as the art market or online 
gaming. First approaches exist, which adopt the potentials of blockchain tokens in supply chain management 
to increase transparency, visibility, automation, and disintermediation of supply chains. In context, the 
tokenization of assets in supply chains refers to the practice of creating virtual representations of physical 
assets on the blockchain. Solutions in supply chain management based on the tokenization of assets vary in 
terms of application objectives, token types, asset characteristics, as well as the complexities of supply chain 
events to be mapped on the blockchain. Currently, however, no review exists that summarizes the 
characteristics of blockchain-based tokens and their scope of applications. This paper provides a clear 
terminological distinction of existing blockchain token types and therefore distinguishes between fungible 
tokens, non-fungible tokens, smart non-fungible tokens, and dynamic smart non-fungible tokens. 
Subsequently, the token types are classified regarding their traceability, modifiability, and authorization to 
evaluate suitability for mapping assets in supply chains. Given the potential of blockchain in supply chain 
management, the results of the review serve as a foundation for a practical guide supporting the selection 
process of suitable token types for industrial applications. 

Keywords 

Supply Chain Management; Blockchain; Tokenization; Traceability; Review 

1. Introduction

Blockchain-based tokens have significantly grown in popularity and public attention. Especially so-called 
Non-Fungible Tokens (NFTs) have created a growing digital market for artworks, collectibles, and other 
digital assets. In recent years the development shows a shift from digital markets almost exclusively trading 
digital art to increasingly different categories such as items in games or metaverses [1]. Furthermore, there 
are emerging applications aiming to tackle real-world problems using NFTs. Creating and selling NFTs 
could post a viable option to raise financing and awareness for art museums or wildlife conservation efforts 
[2,3]. Other applications include the management of privacy when sharing genetic data with health care 
providers to mitigate the risk of sensitive information abuse [4]. The concept of NFTs is also progressively 
being adapted in an industrial context. In particular, blockchain with its NFTs bears the potential to increase 
transparency, automation, visibility, and disintermediation in Industry 4.0 driven supply chains [5]. 

The idiosyncrasy of blockchain tokens results from the technical and organizational properties of blockchain 
technology. In 2008, the pseudonym Satoshi Nakamoto published the Bitcoin white paper and thus 
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introduced blockchain technology with the aim of creating a secure electronic currency independent of 
trusted third parties [6]. The US National Institute of Standards and Technology defines blockchain 
technology as “distributed digital ledgers of cryptographically signed transactions that are grouped into 
blocks. Each block is cryptographically linked to the previous one (making it tamper evident) after validation 
and undergoing a consensus decision” [7]. The emergence of Ethereum, introduced in Vitalik Buterin’s white 
paper in 2013 [8], extended the scope of blockchain from financial applications to other fields. The Ethereum 
white paper marks the start of blockchain-based ‘smart contracts’ as an enabler for further decentralized 
applications. Ethereum integrates the characteristics of blockchain with a fully-fledged Turing-complete 
programming language. Following the mathematical concept of Turing-completeness, which inter alia 
provides means to compute loops and/or complex recursions [9], Ethereum represents the first general-
purpose blockchain platform that is able to compute and run all kinds of complex logical constructs, which 
serves as the technological foundation for the so-called ‘tokenization of assets’ [10]. 

2. Related works 

The process of creating virtual representations of physical assets on the blockchain is usually referred to as 
the ‘tokenization of assets’ [11]. Initially, supply chain assets were tokenized to prove the ownership and 
provenance of the underlying physical asset [12]. Evolving blockchain technology and platforms allowed 
the extensions of blockchain-based tokenization to supply chain transparency applications [13]. Here, the 
definition and adaption of token standards played an important role in facilitating the integration of tokens 
for such applications. Currently, the Ethereum blockchain still implements the most pertinent token 
standards [14]. The establishment of the Ethereum standards ERC-20 and ERC-721 led to the common 
distinction between different types of blockchain tokens, namely Fungible Tokens (FTs) and the already 
mentioned NFTs. Different units of token that conform to ERC-20 can be interchanged with each other and 
therefore are, as the term suggests, fungible. The ERC-721 standard on the other hand implements tokens 
with unique identifications making tokens non-fungible [14]. On the Ethereum blockchain, the multi-token 
standard ERC-1155 extends the functionalities of the ERC-721 standard with the possibility of deploying 
several tokens using one smart contract [15].  

These token standards, however, only represent minimum specifications of required functions to implement 
certain applications. The functionalities of a token itself are thereby determined by the underlying smart 
contract. Extensions of these standards are necessary to address the challenges of more complex structures 
such as supply chain applications. Arcenegui et al. [16] describe tokens that require an extension regarding 
their core functionalities as ‘Smart NFTs’.  

Westerkamp et al. [17] present an extension to the ERC-721 token standard specifically aiming at solving 
the challenges of manufacturing supply chains. To map complex manufacturing processes that include the 
assembling of parts the authors introduce so-called ‘Token Recipes’. This enables the tracing of assembled 
goods and their components throughout supply chains [17]. Elaborating on this idea Watanabe et al. [18] 
introduce a token structure that embeds a link to previous states in the token transactions [18]. This enables 
more efficient retrieval of information in blockchain networks, which facilitates the tracing capability of 
tokens and therefore preferably suits applications aiming at increasing supply chain transparency. Kuhn et 
al. [19] present an approach utilizing the Ethereum multi-token standard ERC-1155 to build tokens mapping 
complex assembly structures. The ERC-1155 standard includes the possibility to deploy multiple fungible 
and non-fungible tokens using a single smart contract [15]. The approach of Kuhn et al. extends this smart 
contract to a so-called ‘Assembly Token Manager’ [19]. This manager governs the token balances and 
transformation events while also providing traceability information through an event log. To increase the 
viability of token-based applications in dynamic environments, Dietrich et al. [20] present a token concept 
allowing the definition and assignment of clear authorities when deploying the smart contract. These 
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authorities can consent to dynamic changes on a deployed token smart contract such as adding new parts or 
partners to the supply chain. Additionally, this approach embeds the token history and composition into the 
token structure making external event logs superfluous. This streamlines the ability to holistically map 
complex and dynamic supply chains. 

As the breakdown of the different approaches exemplifies, literature shows a range of different token 
solutions tackling the adaptation of blockchain tokens for supply chain applications. With the adaptation of 
blockchain tokens for increasingly complex application scenarios, an incrementally more complex token 
landscape has emerged that extends far beyond the originally defined token standards. There is, however, a 
degree of overlap between the different token solutions as well as a lack of uniform terminology. Therefore, 
this review of tokenization solutions aims on the one hand to provide a clear terminological distinction of 
existing blockchain token types and on the other hand to serve as a foundation for a practical guide supporting 
the selection process of suitable token types for industrial applications.   

3. Review of tokenization solutions 

The following chapter comprises a review of blockchain-based tokenization solutions for assets in supply 
chains. The first section defines the dimensions of classifiable differences by investigating the process of 
tokenization in comparison with already established identification systems. The second section examines the 
extent to which the complexity of the underlying asset affects the mapping by means of tokenization and 
derives important token characteristics. Lastly, a token classification is presented considering different token 
designs of existing approaches.  

3.1 Tokenizing of assets 

For the tokenization of supply chain assets, it is necessary to create a virtual reflection of assets on the 
blockchain [10]. This requires the introduction of an asset-backed token on the blockchain as well as a clear 
linkage of the virtual token to the physical or abstract real-world asset.  In the case of physical assets, the 
linkage can be realized by using identification technologies such as RFID or QR Codes [21,22]. Such 
identification systems are subject to extensive legal and technical standardization. The IEC 62507-
1:2010 standard provides a reference model for the reflection of assets from the physical world into the 
virtual world, which includes the combination of metadata, a unique identifier, and a physical or abstract 
asset [23].  

 
Figure 1: Referencing model for tokenization of assets 
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Here, the unique identifier refers to the physical or abstract object and links to its metadata. Accordingly, an 
object’s metadata describes the physical or abstract object. The complexity of tokenization, however, goes 
beyond the IEC 62507-1:2010 reference model, in particular since NFTs eventually represent unique assets 
in publicly available networks. Figure 1 shows an extended reference model specifically designed according 
to the properties of NFTs. The composition of an NFT is determined by a token smart contract, which can 
be identified with its unique address on the blockchain. The smart contract contains the unique token 
identifier, typically represented by hexadecimal numbers as a unique result of underlying hashing functions 
[17,20]. This identifier links to the token's metadata. As Figure 1 indicates, the connection between the 
unique identifier and the metadata overlaps with the reference model of the IEC 62507-1:2010 standard. 
Furthermore, the extended model takes the relationship between the blockchain metadata layer into account. 
Typically, smart contracts embedded into a blockchains block structure own the ability to exchange 
information with the metadata layer itself. The extended reference model only describes the relationships 
between the aspects of tokenization. However, it does not specify to what extent data and functions must be 
included in the token architecture in order to meet the requirements of the respective application scenario to 
be mapped on the blockchain.  

3.2 Adapting tokens to asset complexity 

To enable the mapping of supply chain assets by means of tokenization, blockchain tokens must meet the 
requirements of the assets as well as the supply chain network. This involves the mapping of information 
and material flows as well as relationships within the supply chain network [24]. To facilitate such mapping, 
information systems rely on a standardized division into so-called supply chain events, which determine 
“what, when, where and why” something happens [25]. Previous research has already shown that the 
underlying supply chain complexity in terms of different supply chain events to be mapped impacts the 
requirements and selection of different token types [5]. In this context, Bozarth et al. [26] distinguish between 
the detail complexity, which describes the “distinct number of components or parts that make up a system”, 
and the dynamic complexity, which deals with “the unpredictability of a system’s response to a given set of 
inputs, driven in part by the interconnectedness of the many parts that make up the system”. Derived from 
the intended application of blockchain tokens and the requirements arising from an increased supply chain 
complexity, this paper identifies three characteristics impacting the complexity of assets to be mapped on 
the blockchain. 

Traceability: Traceability can be described as the ability to gather information on the whole downstream 
path of a product [27]. Companies have to deal with the growing interests of customers, governments, and 
non-governmental organizations in having greater transparency of brands, manufacturers, and producers 
throughout the supply chain [28,29]. As a result, social and environmental sustainability issues have become 
increasingly important for manufacturers in order to maintain the flawless reputation of their brands [30]. 
The ability to mitigate the risks of counterfeit products and the enforcement of sustainability standards in 
multi-tier supply chains rely on the effective traceability of assets [31]. Furthermore, emerging legal 
requirements increase the pressure on companies to ensure traceability throughout their supply chains. For 
example, initiatives such as the “EU rules on due diligence in supply chains” aim at making companies 
accountable for their entire supply chain [32]. 

Modifiability: Modifiability refers to the ability of an asset to experience transformation and aggregation 
events throughout its lifecycle according to the EPICS standard by GS1 [25]. This includes assets to 
eventually experience changes in terms of their modular composition. The modularity of assets describes the 
division of a structure into different subsections that can be combined using interfaces and may be replaced 
or reused in other products [33]. While this practice can reduce the overall complexity of an asset’s structure 
it increases the number of processing events that can occur in a given supply chain. The modularization of 
products represents an important tool in achieving mass customization capabilities [34,35]. The aim to 
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deliver customized products at the cost of mass production is closely tied to the emergence of the ideas of 
Industry 4.0 [36]. Furthermore, modular product architectures along with the ability to disassemble and reuse 
the modules are central characteristics of products in a circular economy [37]. 

Authorization: The collaboration in supply chain networks requires the establishment of authorization 
mechanisms governing the role and activities of participating supply chain members [38]. The sweeping 
collaboration between partners in supply chains has the potential to create benefits for every partner and 
ultimately a competitive advantage for the whole supply chain [39]. The need for collaboration is driven by 
the occurrence of uncertainties, disruptions, and dynamic changes in modern supply chains [40,41]. 

3.3 Token type classification  

When summarizing the existing approaches adopting supply chain tokens and investigating their properties 
in terms of traceability, modularity, and authorization, four main categories of token types emerge.  

These token types, Fungible Token, Non-Fungible Token, Smart Non-Fungible Token, and Dynamic Smart 
Token are classified in Table 1 according to their functional and data properties in terms of traceability, 
modularity, and authorization.  

Table 1: Token type classification 
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Fungible Tokens: Fungible Tokens are closely resembled by the specifications of the ERC-20 token standard 
[42]. They facilitate in particular the mapping of volume exchanges of a given good. However, they do not 
offer technical properties to enable the tracing of individual tokens as well as the implementation of a smart 
contract logic to govern token modifications and interactions. One conceivable scenario for the use of 
fungible tokens in a supply chain context is the token-based exchange of freight pallets, where only the total 
volume and available quantity are relevant for traceability purposes.  

Non-Fungible Tokens: NFTs are closely resembled by the specifications of the ERC-721 token standard [43]. 
NFTs possess unique identifiers and therefore allow linking tokens to a physical or abstract asset according 
to the extended reference model shown in Figure 1. This enables token traceability by extracting the 
transaction history from the blockchain metadata layer. Pure NFTs do not offer the possibility to add 
extensive creation requirements to the token smart contract allowing mapping of the modularity of assets. 
Furthermore, it is only possible to verify a token’s authenticity without connecting it to governance models. 
In a supply chain context, a conceivable scenario for applying NFTs is the management of tools that allows 
a flexible distribution and tracking of tools across a supply chain network.  

Smart Non-Fungible Tokens: As Arcenegui et al. [16] describe, Smart NFTs extend the core functionalities 
of the NFT standards with supply chain specific functions and creation requirements. While the core 
properties regarding the traceability remain the same as with NFTs, Smart NFTs allow users to include token 
transformation and aggregation functions. These functions can additionally be assigned to first authoritative 
permissions. Thus, Smart NFTs allow the mapping of assets that experience predictable changes regarding 
their modular composition throughout the supply chain, such as comprehensively certified medical devices. 

Dynamic Smart Non-Fungible Tokens: Dynamic Smart NFTs extend the idea of Smart NFTs by adding 
dynamic elements to the functions and creation requirements as well as embedding an authority concept into 
the token smart contract. Furthermore, Dynamic Smart NFTs enable the inclusion of a token’s history and 
composition inside their token structure [20]. This functionality forms the basis for enabling not only an 
aggregation of tokens but also a subsequent disaggregation. A conceivable scenario for Dynamic Smart 
NFTs is the mapping of assets that can experience dynamic changes regarding their modular composition as 
well as underlying supply chain authority structure throughout the entire lifecycle of an asset, such as in the 
automotive industry.   

4. Result 

The review of different tokenization solutions of assets in supply chains results in a procedure for adopting 
blockchain tokens, which incorporates the modeling of tokens as well the classification of token types. Figure 
2 shows the structured flow scheme of the procedure.  

The first layer describes the necessity to initially define a clear scope of the supply chain and the respective 
assets to be mapped. This step must always be oriented towards the objective of the corresponding use case. 
Based on this, the second layer describes the adaption of token requirements according to the asset 
complexity. This includes an asset’s requirements in terms of traceability, modifiability, and authorization 
as well as the respective functionalities and data. According to the derived requirements, a suitable token 
type can be selected in the last layer. Here, the flow scheme distinguishes between FTs, NFTs, Smart NFTs, 
and Dynamic Smart NFTs. 
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Figure 2: Procedure for adopting blockchain-based tokenization for assets in supply chains 

5. Discussion and conclusion

The tokenization of assets is an innovative solution for mapping physical or abstract objects on the 
blockchain. This trend is also increasingly becoming important for industrial use cases bearing the potential 
to increase transparency, automation, visibility, and disintermediation in supply chains. The transfer of the 
tokenization of assets to increasingly complex use cases has led to the continuous development of different 
token solutions, in order to meet the increasing requirements regarding traceability, modifiability, and 
authorization. This paper provides a clear terminological distinction of existing blockchain token types and 
therefore distinguishes between FTs, NFTs, Smart NFTs, and Dynamic Smart NFTs. FTs and NFTs are very 
much based on the characteristics of the well-established token standards ERC-20 and ERC-721. Smart 
NFTs extend the token functions with supply chain specific requirements, which enables a static mapping 
of modifiable assets. Dynamic smart NFTs, as the name indicates, embed the token functions into dynamic 
authority and token concepts allowing the mapping of flexible supply chains with changeable assets. The 
findings are summarized in a procedure, which supports the selection process of suitable token types for 
industrial applications. So far, the token types classified in this paper have only been evaluated theoretically 
or based on a very limited amount of industrial case studies. This bears the potential that new token solutions 
with more extensive functionalities are necessary in order to meet industrial requirements holistically, which 
would require an extension of the available tokenization types. Therefore, further research is necessary to 
identify further requirements of assets to be mapped on the blockchain in a wide range of industrial domains. 
Currently, further research is being conducted in developing a framework serving as a practical 
implementation guide for industrial token-based applications. 
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Abstract 

While autonomous guided vehicle systems are increasingly used in homogeneous and structured 
environments, their use in complex and variable scenarios is usually limited. Established algorithms for the 
navigation of systems use static maps with deterministic metrics, which can only achieve optimal results in 
clearly defined environments. In dynamic and extensive deployment scenarios, which are also dependent on 
a large number of influencing parameters, autonomous intralogistics systems cannot yet be deployed 
dynamically. One example here is mixed transport between buildings under changing weather conditions. 

As a solution for dynamic navigation, we propose a hybrid metric in combination with topological maps and 
cyclic environmental sensing. Based on a quantification of influencing factors on each intralogistics entity, 
an optimal and dynamic navigation of every system can be performed at any time. The individual 
components are implemented in the context of an autonomous tow truck system and evaluated in different 
application scenarios. The results show significant added value in use cases with sudden weather changes 
and complex route networks. 

Keywords 

Autonomous Tow Truck Systems; Topological Maps; Hybrid Metric 

1. Introduction

The number of use cases for autonomous systems in intralogistics scenarios is continuously growing. Initially 
limited to warehousing and commissioning, advances in sensor technology and computing hardware 
increasingly enable systems to be used in unstructured production and logistics environments. The 
foundation of navigating such environments is a representation of inherent knowledge by static or cyclically 
updated maps. Within this metric representation, paths for transport entities can be computed and executed 
according to different specifications for optimal behavior. Commonly, the shortest path is used for navigation 
of autonomous transport vehicles. [1] 

This approach is optimal and often sufficient for use cases with identically qualified transport vehicles and 
homogeneous operating environments. Within industrial use cases, however, there are often different kinds 
of transport vehicles as well as dynamically changing working environments. Especially in the case of 
routing networks with outdoor areas and heterogenous vehicle classes, purely metric considerations of 
navigation solutions are no longer sufficient to enable optimal navigation. For complex and changing 
environments, no established algorithm for optimal navigation exists. [2] 
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In this work, we propose the use of a hybrid metric combined with a state-of-the-art heuristic for optimal 
navigation of autonomous transportation vehicles as a function of environmental factors and structural 
constraints inside intralogistics transportation networks. The proposed solution builds upon a node-based 
representation of the working environment with inherent information encoding. In conjunction with cyclic 
monitoring of relevant environmental and weather parameters, this enables continuous evaluation and 
adjustment of the optimal navigation of autonomous transport systems. By incorporating an open-source 
framework for route network design, a user-friendly interface for modifying the basic map material and 
deviating metric weighting becomes possible. 

Due to the high degree of interference of parametrization and real-world systems, the described metric is 
detailed using an autonomous tow truck system in mixed indoor and outdoor operation and the potential in 
dynamic application areas with changing environmental conditions is shown. Finally, an evaluation and 
outlook on further relevant improvements is given. 

2. Related Work

In general, the navigation of autonomous transport systems is based on a-priori knowledge implemented as 
maps of the operational environment, whereby established methods can be differentiated into metric and 
topological approaches [3]. Metric maps represent the operational environment as a true-dimensional 
relation of granular basic elements, usually area squares of the size of the necessary sensory resolution. Due 
to the high information density, this form of map representation is suitable for small areas of operation where 
high accuracy is required in the context of navigation. Topological maps abstract the work area to a network 
of nodes that represent references within the operational environment. Edges between nodes represent a 
relation between locations and thus state transitions of the driverless transport vehicle. Due to the applied 
reduction of information density, topological maps are suitable as a form of representation of large 
transportation networks as well as the navigation of driverless transportation systems within them. The use 
of a topological map also enables the efficient mapping of relevant parameters for the operation of driverless 
systems by attribute assignment to the corresponding nodes and edges. [4, 5] 

The use of topological maps has already been used for the mixed indoor and outdoor deployment of 
autonomous transport vehicles [6] as well as autonomous cars [7]. In the classical approach, nodes represent 
relevant reference points within the deployment environment. Edges between the nodes form a relation and 
thus a physical connection between the nodes. The resulting network can be represented as a graph with 
directed edges, where the metric distance between the connected nodes is usually used as edge weight. It can 
be seen as an optimization problem for the navigation between two points of the graph using a defined 
heuristic. A distinction is made between informed and uninformed search methods. [8] Uninformed search 
methods consider inherent information, such as the smallest sum of previously considered nodes, when 
evaluating the next node to be considered. Informed search methods also use additional information from a 
weighted estimate to achieve a targeted solution to the optimization problem. This can represent, for 
example, the Euclidean distance of the current node to the target node. Exemplary, the heuristic of the A*-
Algorithm is defined by 

𝑓 𝑥 𝑔 𝑥 ℎ 𝑥 (1)

with f(x) being the cost of the current cell, g(x) being the actual cost of the accumulated edges from the start 
point to the current node and h(x) being the weighted estimate of the current node to the goal. [9] 

To obtain an optimal solution to the navigation problem, the heuristic used must be monotonic. This means 
that the estimated cost must never be overestimated and the triangle inequality holds. [10] 

In the case of homogeneous environments, where the metric between waypoints is directly relative to the 
effort of driving, a topological representation of the map and the application of the classical A* algorithm 
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on the routing graph can be used to optimally implement a navigation of autonomous transport vehicles. In 
dynamic environments as well as changing environmental influences, a purely metric view of the route 
network cannot be used for optimal navigation. To extend the A*-algorithm towards dynamic environments 
and entities with different capabilities, different approaches have been researched. 

[11] introduces a time-space network model for navigation of automated guided vehicle fleets. In addition 
to the pure consideration of the distance traveled for each vehicle, the heuristic is extended to include the 
state of motion of the vehicles. The metric for optimal navigation is thus extended for an overall optimum 
by the possible prediction of occupancy states for individual route sections. However, it does not include 
environmental influences on the overall navigation and only optimizes on its own knowledge of the transport 
entity. 

[12] considers the significance of weather influences on the driving behavior of cars. Based on recorded and 
predicted weather effects, the edge weights and thus the distance values of a route network are multiplied by 
a fixed factor. This allows the use of a uniform metric for determining an optimal path. However, decision 
variants and different capabilities of various vehicles, as they often exist in mixed indoor and outdoor route 
networks are not considered. The approach is thus not easily transferable towards autonomous transport 
vehicles in intralogistics. 

A parametrical description of autonomous transport vehicles for the adaptation of navigation algorithms is 
described in [13]. Adaptive navigation is made possible by linking the physical capabilities of the vehicle as 
well as the kinematics of the vehicle with the achievable velocity in various movement scenarios. 

In the field of mixed indoor and outdoor intralogistics, there are no approaches known to the authors that 
allow adequate consideration of relevant environmental influences on autonomous transport vehicles for the 
optimal navigation in dynamic mixed indoor and outdoor operational environments. However, such a 
heuristic is necessary for holistic optimization of transports in case of highly branched route networks with 
multiple viable options. 

3. Definition of a hybrid metric 

In [14] and [15], we have shown the influence of different operational environments on the localization 
capabilities of autonomous transport vehicles as well as a possibility of inherent information coding for 
describing the operational environment. The definition of a new hybrid metric is necessary to combine both 
findings in an optimal navigation algorithm, which is updated upon changes in environmental conditions. 
To ensure an optimal result, the superordinate heuristic must meet the criterion of monotonicity and the 
triangle inequality while also taking weather influences on the driving behavior of driverless transport 
vehicles into account.  

The driving characteristics of autonomous transport vehicles are primarily defined by their ability to perceive 
the environment and interpret the corresponding information [16]. Environmental influences affect different 
sensors in various ways. Optical sensors such as Light Detection and Ranging (LiDAR) or cameras are 
affected by particles of different sizes inside their corresponding area of observation. In outdoor 
environments, these can be exemplary be snowflakes, raindrops, fog or dust particles [17]. Passive optical 
sensors are also dependent on the illumination intensity of the respective detection area. [18] 

In addition to the influences on the sensors used and the resulting detection range with corresponding speed 
and availability restrictions, the physical characteristics of the vehicle are relevant for operation in different 
operational environments. Information on the maximum speed, restrictions due to floor coverings, maximum 
gradient values depending on possible over-freezing as well as wind influence on trailers must be considered 
for optimal navigation.  
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Since the consideration of relevant factors is not possible in a pure metric, we propose the use of a hybrid 
metric considering the influence of all mentioned information. For autonomous transport vehicles all impact 
factors are directly reflected upon the maximum achievable and achieved speed. To include them in the 
navigation, the cost of nodes inside the A* algorithm can simply be extended to: 

𝑔 𝑥, 𝑣  
𝑥
𝑣

 (2) 

ghybrid(x,v) represents the costs of the nodes visited so far in applying the A* algorithm on the route network. 
It is calculated as sum of the corresponding route elements (real distance) xi and the possible speed vi (with 
vi > 0) for the considered transport vehicle between the nodes Ki and Ki-1. While the factor xi has the same 
value at any time due to the physical conditions of the area of operation, vi includes the vehicles dependence 
on environmental conditions and the used transport systems. 

To allow optimal navigation in extensive route networks, an informed search is necessary. The chosen 
heuristic must also reflect external influences on the autonomous transport vehicle as well as physical 
capabilities. It must be monotonic as well as compatible with the triangular inequality in order to guarantee 
an optimal result of the navigation. In complex deployment environments, the use of classical metrics for 
the cost estimation function, such as the pure Euclidian distance between the currently considered node and 
the target point, is only suitable to a limited degree. An extended heuristic that satisfies the conditions for 
optimal navigation on the fastest path is a simple division of the air distance by the maximum speed of the 
vehicle on the chosen path. However, in order to avoid weighting of each estimated cost with the same 
maximum feasible speed (which would again result in the output of the shortest and not necessarily fastest 
path) a decision criterion for a choice of the used speed classes is necessary. Resource-efficiently, this can 
be achieved by incorporating the number of adjacent nodes and a classification into indoor and outdoor areas. 
The following formula is used to calculate the cost estimation function: 

ℎ  
𝐾 1 ∗ ℎ ∗

𝐾 1 ∗ 𝑣 , 𝐾 ∗ 𝑣 ,
 (3) 

with 

𝑣 , 𝑣  𝑎𝑛𝑑 𝑣 , 𝑣  

Kges is the number of neighboring nodes of the considered element of the graph. hA* represents the classical 
metric for the estimation function, for example being the Euclidean distance between the element and the 
target node. Kindoor and Koutdoor describe the number of adjacent nodes that are categorized as indoor and 
outdoor nodes, respectively. Vindoor,max is the maximum speed that can be achieved in the indoor area. 
Voutdoor,situ is the maximum speed that is allowed by an autonomous transport vehicle in the dynamic outdoor 
area under the environmental conditions prevailing at the time of calculating the navigation solution. 
According to the above formula, outdoor nodes that have a similar distance to the destination node are 
preferentially expanded under favorable weather conditions. The different speeds are again directly 
dependent on the capabilities of the transport vehicle used as well as the operational environment. The 
mentioned conditions ensure the monotonicity of the selected metric. 

In summary, the heuristic for navigating the fastest path in a given route network with information on current 
environmental conditions can be written similar to the classical A*-algorithm: 

𝑓 𝑔 ℎ  (4) 
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4. Implementation of the proposed metric 

The implementation of the hybrid metric is heavily dependent on the physical characteristics of each 
autonomous transport vehicle as well as the environmental conditions. In the following chapter, one 
implementation is detailed using a driverless tow truck as an example as shown in Figure 1. The 
corresponding vehicle has a variety of sensors that use different measurement principles to sense the 
environment and thus enable autonomous operation. The operational environment with dynamic indoor and 
outdoor areas is provided by a hybrid topological map in .osm data format. Inherent information coding 
assigns ground conditions, slopes and relevant environmental influences to each node and edge via fixed 
flags inside the .osm map. The tow truck is equipped with camera-based optical odometry, wheel-based 
odometry, LiDAR sensors, and GPS and UWB systems. The tow truck can travel at a maximum speed of 10 
km/h in outdoor areas. In indoor areas, the speed is limited to 6 km/h due to national safety regulations.  

 

Figure 1: Autonomous tow truck for the exemplary realisation of the hybrid metric 

Relevant environmental conditions for the functioning of the autonomous route tow truck are summarized 
in Table 1. Different influences on the sensors result in a decreasing ability of the tow truck to perceive the 
environment and thus result in a necessary reduction of the allowed maximum driving speed. The reduction 
of the maximum speed was determined empirically in tests. 

Table 1: External influences on sensor systems and required behavior of the tow truck 

Ambient influence Affected component Required behavior 

Humidity condensing [19] Camera (passive, active), LiDAR Driving outdoors not permitted  

Wind speed [20] Stability of towed trailers >25km/h: driving outdoors not 
permitted 

[25; 15] km/h: driving speed 
reduction outdoors to 5 km/h 

Illuminance [21] Camera (passive) < 10 lx: driving outdoors not 
permitted 

[10; 200] lx: driving speed 
reduction outdoors to 5 km/h 

Temperature [22] Traction, Condensate on optical 
components 

< 0 °C: driving speed reduction 
outdoors to 5 km/h 
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The navigation of the autonomous tow truck is implemented in the Robot Operating System (ROS) on a control 
computer running Ubuntu Linux 20.04. The working environment is provided as a hybrid topological map with a 
corresponding route network. The individual nodes are defined by their position in the Global Positioning System 
(GPS) coordinate system. Distances between nodes and thus the lengths of the edges result from the Euclidean distance 
in the north-south, east-west and elevation direction. The relevant environmental conditions in the outdoor area are 
recorded cyclically every 30 seconds by a weather station and transmitted to the tow truck via LoRa-Wan. The A*-
algorithm with the actual heuristics based on the hybrid metric is implemented as a standalone package in ROS. In 
order to cope with dynamic changes in environmental conditions, an actuality check is made when reaching individual 
nodes to see if any thresholds of the configuration have been exceeded. If this is the case, a new navigation from the 
current location to the selected destination is triggered. This whole set up with environmental sensing, reconfiguring, 
navigation and interfacing with transport orders and the driving hardware is shown in Figure 2. 

 

 

Figure 2: System Setup for the dynamic navigation based on environmental sensing and the hybrid metric 

5. Evaluation 

To evaluate the functionality of the hybrid metric, its integration described in chapter 4 is tested in different 
use case scenarios. For the application in dynamic indoor and outdoor areas, the following key features are 
particularly relevant: 

 Correct functionality of the hybrid metric 

 Runtime of the algorithm in complex route networks 

 Ruggedness of the algorithm for real-time updates 

For testing of the functionality of the hybrid metric in rapid changes of environmental conditions, a digital 
twin of the operational environment and the tow truck was created. Additionally, to the real-world system, 
this implementation is used to rapidly adjust weather conditions that would be difficult to test in reality. 
Based on the defined environmental conditions, it was investigated whether the hybrid metric adapts the 
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navigation of the system according to the defined criteria. Figure 3 presents the results of a representative 
test run. It can be seen that even with sudden weather changes, adjustments to the path are made according 
to the fastest route. 

 

Figure 3: Exemplary visualisation for one evaluation case of the hybrid metric 

For an evaluation of the algorithm's runtime in complex route networks, an extensive industrial site with 
diverse indoor and outdoor areas was digitized and stored in the form of an .osm dataset. On this dataset, 
different algorithms for randomly generated start and destination points were investigated with respect to 
their runtime. The proposed heuristic captured the fastest route in every case, while the classical heuristic 
for an A* algorithm almost exclusively found the shortest route between the two points. The run time of the 
proposed heuristic is comparable to the application of the classical A* algorithm and scales similar to the 
values presented in [15]. 

The robustness of the proposed algorithm was tested during the complete evaluation phase of the research 
project E|SynchroBot, which results are openly available over the website of the institute FAPS. During the 
evaluation time, no limitation of the available time of service could be measured. 

6. Summary and outlook 

In this paper, a hybrid metric for the consideration of dynamic environmental influences on the optimal 
navigation of autonomous transport vehicles is presented. By considering the specific influences as well as 
the physical properties of driverless transport entities, the problem of the fastest route of a mixed indoor and 
outdoor navigation can be solved. The proposed metric is implemented exemplarily on a driverless tow truck 
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showcasing a demonstrative derivation of parameters. In the context of real industrial application scenarios, 
the qualitative function of the metric could be shown. 

In perspective, the use of such a metric allows the autonomous and dynamic navigation of different transport 
vehicles in extensive areas of application with changing indoor and outdoor areas. A centralized acquisition 
of environmental data ensures that each vehicle has a corresponding knowledge base for the assessment of 
external weather influences. Together with the inherent information coding of .osm data, a fast and efficient 
navigation in the mixed indoor and outdoor logistics context can be achieved. 

In perspective, the presented methodologies can be transferred in a variety of use cases. For example, a 
hybrid consideration of public transport with other means of transport, such as e-scooters or bicycles, would 
be possible without significant modifications. 

As an outlook of the presented work, a further development of the presented heuristic should certainly be 
mentioned. Due to the monotonicity requirement, a significant underestimation of the actual (time) cost is 
performed in the current notation. Because this underestimation is applied equally to all nodes, the influences 
on the order of expansion cancel each other out. However, so far, the result is not suitable for an operational 
estimation of the remaining transport time. Here, an alternative approach, which makes a real estimate, would 
be the next step of a fully useful implementation. 
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Abstract 

Distributed manufacturing is presented as a means to enable sustainable production and collaboration. Rather 

than rely on centralised production, distributed manufacturing promises to improve the flexibility and 

resilience to meet urgent production demands. New frameworks of production, based on manufacturing 

models with distributed networks, may provide functional examples to industrial practice. This paper 

discusses efforts in distributed production in the context of Free/Open source hardware and devises a 

conceptual framework for future pilots at which open source machines, such as a desktop 3D printer, may 

be manufactured in a network of open/fab lab nodes. 
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1. Introduction

The study of distributed manufacturing (DM) has become an interesting topic in literature. Among the milieu 

of topics in this domain of research, this paper is motivated by two interesting developments: First, 

manufacturing processes are changing over the years [1–3] and so is the environment in which enterprises, 

social or commercial, operate. Second, the emergence of the Free/Open Source Hardware (OSH) is 

noteworthy, as it introduces new forms of collaboration in project development, previously limited to the 

software realm [4]. A third observation is that both these developments have been made possible by a well-

established digital infrastructure we now take for granted. The digital infrastructure has allowed Free/Open 

Source Software to succeed and, in turn, to inspire the OSH movement [5]. Similarly, digital innovations 

have enabled manufacturing to move beyond centralised conglomerate systems to new forms of distributed 

networks of production [6] (that we refer to as DM).  

These interesting phenomena are topics of discussion in other papers (see Sec. 1.3) but none fully discuss 

conceptual frameworks that relate DM and OSH and explore the opportunities they can bring to new models 

of open production that are not limited to 3D printing of parts. In this paper, we provide a conceptual 

framework for this relationship, motivated by the needs of future pilots of open production. More 

specifically, we discuss how DM production units can manufacture open source designs in a network of 

nodes that simplify the high-level DM abstraction, to benefit OSH manufacturing endeavours. To fully 

understand the relevance of this opportunity, the rest of this section provides background on DM and OSH 

(Sec. 1.1) and, a discussion on the main advances in manufacturing and global manufacturing issues (Sec. 

1.2).  
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1.1 OSH and DM: Overview 

Collaboration, open knowledge, and open documentation tools in the form of publicly available projects 

with permissive or copy-left licenses (Free and Open Source licenses [7]) have transformed the social 

infrastructure in the software realm [8] and may provide the groundwork to re-shape manufacturing networks 

in the context of OSH. OSH describes machines, devices, tools, and any physical object whose design 

specifications are made available to end-users and makers so that such physical objects respect the rights of 

users and allow for collaboration, reuse, modification, and manufacturing of derivative work [9]. Despite the 

vagueness of the definition and an ongoing standardisation process [10,11] - OSH, in addition to 

collaborative and open knowledge benefits, may provide economic advantages [12,13] and flexibility in 

distributed flows of production.  

Innovations in infrastructure and production technology have provided manufacturers, small and large, 

proximity to end-users in distributed capital and material sourcing production networks. DM refers to the 

nexus of geographically scattered production facilities that are coordinated for the manufacturing of 

products. Kerdlap et al. [14] define DM as the production, close to points of consumption, of multiple 

manufacturing sites, both scalable and localised with reduced transport requirements. In our paper, we 

consider DM as a system of manufacturing in geographically dispersed components divided into sub-parts 

with production at different geographical distribution networks in a collaborative setting - similar to Rauch 

et al. [15] but also encompassing the concepts of open production and bottom-up economics [16]. The 

distribution network may or may not be coordinated by a single entity or technology, and the governance is 

from one to many stakeholders.  

DM depends on modern infrastructure, information, and communication technologies (ICT), advanced 

enterprise resource planning (ERP), cyber-physical systems (CPS), and internet of things (IoT) in what is 

described as Industry 4.0 and smart manufacturing trends to integrate supply chains [17]. DM has also 

evolved from a value-chain of distributed production across various locations to production networks with 

small, medium, and large collaborating companies with the challenge to operate with the functionality and 

capacity of highly refined modern conventional mass production sites [18]. Challenges exist in such complex 

value-chain relationships [19] and the potential of DM in the context of OSH is to provide means to 

democratise and decentralise manufacturing practices in a global economy - localised and hyper-customised 

with international networks of collaboration. 

1.2 Advances in manufacturing and sustainability issues 

Manufacturing has moved beyond traditional processes [3]. Traditional manufacturing is described as one at 

a time per need basis production tailored to specific individual needs in a barter system. Production method 

innovations, over centuries, transformed the scale of production and manufacturing landscape from the 

industrial revolution to standardisation and high-volume mass production - further refined over the years 

with machine-dominated robotic automation. Manufacturing today operates in complex labour and capital 

intensive setting with global distribution networks, high-scale manufacturing, and material intensive needs 

(see [6] for a historical overview).  

Global manufacturing networks are not without fault per se but might be taxing when environmental impact, 

supply shocks, and local economic self-sufficiency are considered. In the context of environmental impact, 

global manufacturing modern practices have a responsibility to reduce the environmental burden inflicted 

by processes in product life cycles [20]. Some of the proposed solutions to the sustainability problem suggest 

enhancing life cycles [21,22], adopting sustainability programs [23,24], or setting up emission frameworks 

[25,26]. Supply shocks (e.g., financial [27], pandemics [28,29], commodity shocks [30], natural disasters 

[31], etc.) also exacerbate the risks in manufacturing flow and environmental impact and may provide 
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opportunities for the consideration of sustainability strategies, such as circular economies [29]. As the effects 

of environmental impact and disruption of the logistic flow of raw/intermediate materials are exacerbated 

by supply-chain shocks - there is a significant need for an eco-friendly solution to the manufacturing problem 

that can be geographically dispersed, localised, and conceivably, more adaptable to shocks.  

The need for an eco-friendly solution might be tackled by circular economies. A circular economy is 

described as a closed-loop flow of resources in the production and processing of goods in an environmentally 

conscious and ideally waste-free manner (see [32,33] for a more exhaustive definition). In the DM context, 

it means adding circularity to the distributed flow of resources. As society emerges from production and 

customisation at a large scale [34,35] to personalised production [36,37], distributed manufacturing in a 

circular economy setting may be one of the sustainable solutions [38]. 

1.3 Related work  

Previous sub-sections provide background information and serve as groundwork to the definition of the role 

that DM may play in the production and distribution of open-source projects. Works referred to in this section 

are inspirations to the contents of this paper; as no equivalent idea of a DM nodes network for OSH is 

available in current literature. 

Among related work in the scope of distributed manufacturing, Wittbrodt et al. [39] explore the life cycles 

of Open Source 3D printers in a distributed manufacturing setting and highlight how 3D printers may make 

distributed manufacturing feasible. King et al. [40] follow on the idea and discuss open-source technology 

to overcome production challenges in communities lacking infrastructure and design desktop 3D printers to 

provide schools and makerspaces with some manufacturing capability. Similarly, Gwamuri et al. [41] discuss 

a distributed manufacturing model for self-refraction eyeglasses for developing countries and claim the 

potential to displace centrally manufactured solutions.  

Wittbrodt et al. [42] use the term ultra-distributed manufacturing to describe household-scale 3D printing of 

complex products. The authors study the case of a solar photovoltaic racking system and show how this 

mode of production could save costs and improve manufacturing quality. Woern et al. [43] assess distributed 

manufacturing feasibility in the production of flexible products and find economic and technical advantages 

in using 3D printers in distributed manufacturing.  

Redlich et al. [16] explore theoretical underpinnings of bottom-up economics in the context of open 

production models in co-creation models of production based on collaboration. A concept drawn onto a 

microfactory model of open production [44], inspired by microfactory experience in the industry [45] 

(microfactories may be used or not in DM networks, Sec. 2 will explore further).  Ellwein et al. [46] analyse 

distributed manufacturing and identify customisation, cloud manufacturing, digitalisation, and share-

economy as factors that bring analogous co-creation collaborations, termed as the separation of design and 

manufacturing coupled with new ways of cross-border collaboration in distributed re-location of production.  

Literature focuses on the theoretical description of complex paradigms and systems of production or the 

possibilities of manufacturing in household scales. However, there is work to be done on the definition of a 

framework that may not only be applied to the production of 3D parts but also, the production of machines.  

The motivation of this work is to develop a conceptual framework for future pilots of distributed 

manufacturing and open production models. Hence, this paper proposes a high-level framework for the 

problem of how production units in DM networks may organise to manufacture open design projects.  

The next section will expand on the industrial and community experience when open-source designs meet 

distributed production - specifically on microfactories and COVID-19 initiatives in distributed 

manufacturing. This is followed by the definition and description of how decentralised production of OSH 

machines could look like as a network of fab/open lab nodes.  

797



2. OSH and DM: industrial and community experience  

As OSH design files are ideally freely available on the internet for anyone to download, use, modify and 

repair. OSH may play a vital role in open design distributed manufacturing in both, the end-product and 

manufacturing equipment [47].  

In the case of OSH as end-products, geographically distributed manufacturing, based on these designs, may 

save financial, human, and time resources required to design and develop a product from scratch [13]. As 

manufacturers’ development costs go down and the nature of OSH allows for re-use and derivative work of 

products, different manufacturers may not require to re-design from scratch. Collaborative work encourages 

standardisation and may increase the availability of components. Ideally, this may allow for the cut down of 

product redundancy, waste, and planned obsolescence, rampant in today’s markets [48].  

In the case of open-source manufacturing equipment, the same reasoning follows, with the added advantage 

that local manufacturers in a localised distributed network may source materials, plentiful in supply from 

shorter-distance logistic connections. The nature of collaborative design in OSH could also differentiate 

OSH DM from craft production and allow cost-effective localised manufacturing of products.  

OSH is not the only innovation needed to realise DM on a localised scale. Multiple, small high-tech factories 

may ease the challenge that mass production has with large-centralised sites. Microfactories or desktop 

factories (see [49] for more information on types) stem from their introduction in Japan in the late 1990s as 

there was a need to cost-effectively produce small precision components on the micro or mini scale without 

the reliance on large or inflexible manufacturing sites and machine tools [50]. Microfactories challenge 

traditional manufacturing aimed at economies of scale, mass production, and capital concentration [51]. 

Microfactories benefit from locality, flexibility, proximity to other sites or customers, lower carbon footprint, 

hyper-specialisation, and better access and training of skilled labour [45]. Examples of microfactory 

production networks include desktop factories at Sankyo production of small mechatronic parts [45], Arrival, 

an electromobility start-up [52], integration of microfactory processes in electric vehicles production [53], 

and textile industry manufacturing of smart-clothing accessories [54].  

Besides microfactory production in a formal production network - small-scale DM was possible during the 

COVID-19 pandemic. As hospitals faced acute shortages of personal protective equipment (PPE) [55]; 

innovative community solutions surfaced in localised, small-scale distributed manufacturing efforts. Face-

shield jigs were distributed to local communities by coordinating makers to produce batches of laser cut or 

3D printed free and open designs [56]. Besides communities, also start-ups were able to pivot their 

production. An example in Singapore, a small open-source 3D printer farm start-up was able to quickly adapt 

and supply face-shields to its local neighbourhood [57]. Several other examples exist [58] and illustrate the 

ability of small-scale distributed production sites to utilise open designs to adapt their production in real-

time to satisfy an urgent supply shortage. Flexibility in production provides resilience in the face of 

disruptions. Hence, traditional mass production capability may be complemented by utilising local 3D 

printing capacity for the distributive manufacturing of medical equipment [59]. The same case may apply to 

other industries as OSH and small-scale DM model of production proliferate in the industry. 

3. DM of OSH: A conceptual framework example of machine manufacturing 

This section will present a conceptual framework based on a theoretical example of how machines may be 

manufactured in a DM setting. It is assumed that the source of the machine is freely available and that 

fab/open labs can join production efforts in a locality or logistic network. To simplify the depiction of such 

a production network – authors use the example of an existing 3D printer from the Fab City Hamburg project. 

Background to circular economy initiatives will be provided, in particular, the desktop 3D printer from Fab 
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City Hamburg. This is followed by an applied conceptual framework to the theoretical node DM production 

network of such a printer. 

Fab City is an initiative that began in 2014 in Barcelona with the premise to transform Barcelona into a 

circular economy – where by 2054, the city should be able to produce everything the city needs locally [61]. 

Hamburg became the first German city to pledge to become a fab city [62]. Redlich et al. [44] applied 

concepts of new patterns of value creation (e.g., networking, collaboration, decentralisation, and bottom-up 

economics) to describe open labs as distributed open-source microfactories able to set up and replicate 

manufacturing space and resources to participate in a value creation process that is free of hierarchy and 

regionally or globally connected. With the rise of the maker scene in the hardware space, fabrication 

laboratories or fab labs have become a new space for participatory digital manufacturing, whereby local 

makers, students, entrepreneurs, or anyone may join and make almost anything. Fab labs offer a high degree 

of creativity and project customisation in a friendly space equipped with minimal tools to assist users and 

makers in development from design and documentation to prototyping and individualised fabrication 

[44,60].  

Open labs are equipped with machine tools or production technologies whose plans, build instructions, bill 

of materials (BOM), design files and documentation are freely available. As part of the Fab City Hamburg 

project, the Open Lab Starter Kit (OLSK) is a project that aims to set up a blueprint of free and open-source 

machines necessary to establish a digital manufacturing Open Lab [63]. The project originates in the vision 

to create a distributed network of ‘circular’ production in Hamburg. Local fab labs and open labs are 

equipped with a range of digital manufacturing machines (Laser Cutters, 3D printers, CNC routers) to 

provide minimal prototyping or micro-factory capability within the establishments. Machines are designed 

and developed using distributed control versioning tools (e.g., GIT) and hosted in publicly accessible 

repositories.  

The first machine developed is a desktop 3D printer. The design of the printer is based on an open-source 

design, adapted to fit local design requirements, and made available in a public repository [64]. The 

developed 3D printer is planned to be distributed to various makerspaces and institutions throughout 

Hamburg, with the aim of diffusing digital fabrication technologies throughout the city. The Open Lab 

Starter Kit project aims to produce and distribute other fabrication machines to labs across the city of 

Hamburg with in-house developed OSH with easily accessible parts and following the requirements of the 

Open Source Hardware Association (OSHWA) [65]. The OLSK is a suitable platform to devise a framework 

on how OSH projects could be produced in a localised distributed way. As a minimal example to answer the 

question of whether an OSH machine can be produced distributively, the authors consider the case of a 

simple desktop 3D printer.  

Several components of the OLSK 3D printer are 3D printed and metallic raw materials are locally sourced 

and machined. For instance, the base of the printer is machinable with a laser cutter, whereas, the rest of the 

printer requires conventional hand tools. Hence, makerspaces, with the minimal set of digital manufacturing 

tools, may be able to replicate machines. Table 1 summarises the different sub-assemblies required by the 

3D printer. 

Table 1: OLSK 3D printer manufacturing process difficulty by sub-assembly 

Sub-Assembly Manufacturing process Difficulty 

3D printed parts 3D printing Easy 

Frame and structure Cutting and drilling Easy 
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Sub-Assembly Manufacturing process Difficulty 

Enclosure panels Laser cutting Moderate 

Electronics and wiring Soldering and crimping Moderate/Difficult 

Testing Test station Moderate 

Final assembly Assembly Moderate 

Software Flashing firmware Easy 

 

OLSK 3D printers were built in workshops in Hamburg. It was noted that while manufacturing the 3D 

printers in our labs, component quality was dependent on the skill set of technicians, troubleshooting ability, 

the type of machines, features, calibration, and quality of the documentation. In terms of the process from 

prototyping to manufacturing (see [66] for an overview of production planning topologies), figure 1 

summarises the activities that could be equally adaptable to other OSH projects. 

As part of a future pilot of DM production utilising the capacity of localised open labs - the DM of machines 

may use a network of interconnected nodes providing capacity, capability, flexibility, and high 

Figure 1: Prototyping, manufacturing and quality control activities 

Figure 2: Generalised DM OSH nodes network 
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customisation/specialisation of manufacturing steps. Figure 2 illustrates the concepts how OLSK machines 

could be manufactured locally by utilising existing microfactory capability within fab/open labs in the city.  

We consider a node as a microfactory in the form of a fab or open lab, able to produce, test, and manufacture 

a part, component, or sub-assembly of the machine. Nodes are distributed across a city and can undertake 

one or more work packages as required. The work across nodes might be distributed according to the product 

to maximise efficiency, minimise logistic travel and reduce waste.  

A node is a simple representation of a microfactory that encompasses and simplifies other external factors, 

inherent to the running of such a micro-production unit (e.g., employees, marketing/business plans, monetary 

flows). Hence, a node does not address such issues, but it represents on a higher level, no matter the internal 

configuration or running of it, a microfactory able to produce, test, and manufacture parts assigned to it.  

Nodes in the DM OSH production network may act as manufacturers of new nodes if they have the capability 

of such. Nodes may collaborate in the production, assembly, and flow of materials, parts, sub-assemblies, 

and products. A system with small-scale production is flexible and resilient against supply-shock production 

flows. The manufacturing of one machine, for example, may be divided between nodes in the network so 

that each node produces a part or sub-assembly according to the capabilities and capacity requirements. A 

node may become a sub-node, which are nodes capable of taking over the production task of another node. 

Nodes may or may not be part of the DM network of a specific machine. This means that nodes networks 

may participate in the production of more than one machine and may not be restricted to the production flow 

of one manufacturing project. Similarly, there may be nodes capable of producing all the manufacturing 

steps for the machine at once, these are super-nodes and may or may not participate in one or more sub-

assemblies of a machine.  

The flow of materials and parts may be traceable and trackable through digital product passports. Digital 

product passports may provide an intelligent, verifiable way to support such relationships (this is depicted 

by the traced lines connecting the nodes). However, challenges in this field remain. There are stakeholder 

policy issues [67], requirement composition challenges from an enterprise perspective [68], digital product 

passport policy guidance such as the upcoming EU Battery Regulation [69], implementation initiatives such 

as in Hamburg [70], Prague [71], Glasgow [72] or Brussels [72] (for an exhaustive list see the EU Joint 

Research Centre (JRC) [73]).  

  

Figure 3: OLSK DM network representation 
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Such a complex network of nodes may also require high optimisation capability to be able to assess the most 

optimal way to plan production, a topic of current research, and with work in progress algorithms [74] [75]. 

A simplified representation of how such a network of nodes may be applied in a pilot is illustrated in Figure 

3, where:  

• N1: Frame and structure producing node  

• N2: Enclosure panels and pre-assembly node  

• N3: 3D printing node  

• n3_1, n3_2, n3_3: 3D printing sub-nodes  

• N4: Electronics and wiring node  

• N5: Final assembly, electronic testing, and software flashing node  

• S1, S2: Local part suppliers  

  

Nodes N1, N2, N3, N4, and N5 exchange information by using the digital infrastructure and produce each 

sub-assembly or step independently of each other. Production may flow linearly 1-1 as illustrated from N1 

to N3 or with multiple inter-dependencies as in N4 to N2 and N5. As expected, the system provides some 

resilience as sub-nodes n3_1, n3_2, n3_3 may backup N3 if required. As the network grows, more sub-nodes 

may replace other microfactory nodes.  

The cloud in Figure 3 represents a federated digital network, a network infrastructure that is distributed and 

decentralised across instances of a service, in this case, a DM network. The role of the federated network is 

to provide the tools to track and trace production flow, decentralise, encourage open participation, and 

provide means of good exchange supporting both, barter and traditional accounting-based systems (see [76] 

for more details on resource, event, and agent models). This may provide means of recycling, re-use, and 

minimising waste in a circular economy model. Additionally, the digital network may be complemented by 

web3.0 technology: blockchain, decentralised autonomous organisations, decentralised finance, self-

sovereignty, and privacy tools [77]. However, as technology evolves, it is unclear how such a system and 

governance may look in practice on a regional level.  

Distribution networks, logistics, e-commerce platforms, and stakeholder relationships, due to simplicity of 

exposition, are not included in Figure 3 but the manufacturing flows may theoretically be adaptable to 

changes in such factors. Similarly, nodes with non-manufacturing tasks may also be included in the future 

(i.e., small-scale specialised transportation distribution nodes or federated instances of e-commerce nodes). 

As with regards to suppliers and proximity mapping for larger-scale production networks, models such as 

know-how proximity data matrices [78] may be suitable for waste reduction and sustainability applications. 

However, further research in this field, in the context of DM, is needed.  

DM of OSH may assume the node configuration described in this section. Node networks may grow 

separately from each other in different regions or grow organically in one region towards other regions. The 

distributed nature of this system allows future communication between geographically distant networks of 

nodes. Hence, any fab or open lab in such a network can participate in the manufacturing process. As 

networks of nodes expand, they are not confined to limited regions of production and may communicate 

cross-regionally or globally with each other if required. The node configuration provides a high-level 

proposition on how regions may organise their fab/open labs in a democratised and open production flow. 

Democratised as producers may have access to such network of production. Open production as nodes may 

participate in the manufacturing of any OSH part, sub-assembly, or project they may be capable to produce.  
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As DM enables democratisation [79] and the industry continues to innovate global production networks and 

value creation - OSH may play a vital role. Open source machines, like the OLSK, in the mesh of fab/open 

labs, are a starting ground for future endeavours in building distributed manufacturing networks. In the 

future, local/regional value creation systems may have the ability to become circular economies, self-

governing, self-reliant, and resilient to supply shocks. Fab City movement may foresee this trend emerging 

at the city level, but the nature of open distributed networks is not limited to hard-bound perimeters, it is 

global.  

The suggestions in this paper support effort in localising production in a distributed manner and encourages 

research-led endeavours to explore alternative production networks that aim to be open, sustainable, and 

adaptable. The authors propose a node-organisation framework of fab/open labs able to manufacture a 

desktop 3D printer and likewise, other machines by that same approach. The extent to which such 

possibilities might or might not apply in practice is thought-provoking, particularly, when compared to 

existing manufacturing literature and current capacity/capabilities in the global economy. Further work is 

needed in the form of pilots and case studies to evaluate to what extent is distributed manufacturing of open 

source hardware ready to undertake such an open production endeavour.  

4. Further research  

Localised distributed manufacturing in open production spaces is referred to as a new category of production 

[6]. Distributed manufacturing models in open production spaces lack production planning models [80] and 

there is a need for research on open distributed production algorithms. Hence, future research may expand 

on how the conceptual framework, presented in this paper, will organise each of the production node’s 

scheduling, capacity allocation, and logistic provisioning.  

The distributed manufacturing of open-source machines, such as our desktop 3D printer, utilising the 

machine capacities of the geographically distributed makerspaces within a city would also serve as an ideal 

pilot project to test and evaluate production strategies for optimum utilisation of the production capability of 

networked open production spaces.  

Production allocation and fab/open labs manufacturing specialisations may be of interest for future research 

too. For instance, is it sensible to divide a manufacturing task into sub-assemblies and distribute sub-

assembly production to different microfactory nodes? Or is it more sensible to allow each microfactory to 

become a super-node and produce one machine each? Furthermore, questions remain about the role of ICT 

implementations of inter-connected systems making use of web3.0 and Industry 4.0 technologies. Similarly, 

the role of policymakers and green agendas. There will be trade-offs between manufacturing capacity, 

efficiency, capability, and sustainability. All these issues add to the role of OSH licensing and certifications, 

which may be a major setback to real-life implementations of such policies and projects.   
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Abstract 

Due to the growing number of variants and smaller batch sizes manufacturing companies have to cope with 
increasing material flow complexity. Thus, increasing the difficulty for production planning and control 
(PPC) to create a feasible and economic production plan. Despite significant advances in PPC research, 
current PPC systems do not yet sufficiently meet the industry’s requirements (e.g., decision quality, reaction 
time, user trust). However, recent progress in the digitalization of production systems results in an increased 
amount of data being collected, thus enabling the use of data-intensive applications technologies, e.g., 
machine learning (ML). ML provides new possibilities for PPC to handle increasing complexity caused by 
rising numbers of product variants paired with smaller lot sizes. At the same time, ML can increase the 
decision quality and reduce the reaction time to disturbances in the production system, e.g., machine 
breakdowns. Partly, ML models, e.g., artificial neural networks (ANN), are perceived as black-box models, 
resulting in reduced user’s trust in the decision proposed by an ML-based PPC system. The approach 
presented in this publication aims at a more functional and user-friendly PPC system by leveraging multi-
agent reinforcement learning (MARL), an accomplished approach within the field of ML-based production 
control, and approaches for explaining decisions made by reinforcement learning (RL) algorithms. With the 
help of MARL, short reaction time and high decision quality can be realized. Subsequently, the developed 
MARL system is combined with methods from the field of explainable Artificial Intelligence (XAI) to 
increase the users’ trust. The use case results show that with the help of the developed system, rule-based 
controls, which are often used in industry, can be outperformed while providing explainable decisions. 

Keywords 

Production Control; Machine Learning; Deep Reinforcement Learning; Multi-Agent Reinforcement 
Learning; Explainable AI  

1. Introduction

Manufacturing companies are facing an increasing material flow complexity because of a rising number of 
variants and a decrease in batch size [1]. More individualized production processes result in a rising 
production complexity and thus, in challenges (e.g., reaction to disturbances) for efficient production 
management [2–4]. For example, to determine a cost-optimal sequence, different set-up times, processing 
times, and necessary process steps for each variant have to be taken into account. With each newly introduced 
variant, the solution space increases.  

In this context, complexity can be differentiated into static and dynamic complexity. While static complexity 
focuses on the long-term design of production systems, dynamic complexity results from short-term changes 
in production structures as well as material and information flows triggered by unpredictable disruptions 
(e.g., machine breakdowns) [2,5].  
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The dynamic complexity results in decision-making situations in the context of production control, in which 
the employee’s experience is no longer sufficient to react optimally near real-time while considering the 
economic effects [6]. With the help of decision support systems, the user can be supported and thus be 
enabled to react appropriately and avoid adverse effects on the production system like downtime due to a 
material flow break [6]. 

Despite these potentials, the decision support of PPC systems is only partially accepted in practice. An 
indication of this can be seen in the frequency with which manual rescheduling is carried out. In the study 
conducted by LÖDDING ET AL., only 19 % of respondents stated that the planning of PPC systems is accepted 
and not overridden [7]. This can be caused by a lack of acceptance of the employees’ proposed decisions or 
a low quality of the systemic proposals due to the production system’s high complexity. The lack of trust is 
also shown in just under 35 % of respondents, who rated their confidence in the PPC system’s results [7]. 
However, KLETTI [6] identifies employee acceptance as crucial for decision support systems in 
manufacturing. In particular, the user-oriented presentation of information needs to be improved in 71 % of 
the companies surveyed [8]. 

In the context of ML, the already existing problem of lack of trust in decision proposals of systems is further 
aggravated. ML methods, enabled by the increase of data collected, provide new possibilities for PPC to 
handle the rising complexity. Especially with regard to the dynamic complexity, ML methods allow the 
increase of decision quality while reducing the reaction time [9]. An accomplished approach for ML-based 
PPC is using multi-agent systems (MAS) based on deep reinforcement learning (DRL) [10–12]. For this 
approach, ANNs are used for choosing actions [13]. On the downside, ML models like ANNs are perceived 
as black-box models [14]. Therefore, the user’s trust in decisions proposed by the system can be even further 
diminished [14]. 

Within the scope of this paper, an approach for a more functional and user-friendly PPC system is developed. 
Therefore, a MAS based on DRL is developed to realize short reaction time and high decision quality. For 
tackling low trust in the proposed decision, approaches from the field of explainable ML are used for 
realizing the explainability of the system’s decisions.  

2. State of research 

This section focuses on a brief introduction to different approaches leveraging deep reinforcement learning 
in production control (2.1) and methods for explainable decision finding (2.2). 

2.1 Deep reinforcement learning in production control 

PPC encompasses an organization’s entire materials, time, and production management, as a holistic concept 
[15]. The target of a PPC system is to increase the logistic performance while maintaining or reducing the 
logistic costs. High logistic performance is characterized by high delivery reliability and short delivery time. 
Low inventory and high utilization of machines are influencing the logistic costs beneficially. Due to the 
competing targets, these must be prioritized on a company-specific basis. PPC play a key role in achieving 
efficient and economical production [16]. In recent years, approaches leveraging RL have gained much 
attention within production control, due to the high potential of solving complex problems [10–12].  

In RL, an agent interacts with its environment and learns a strategy—also called policy, π(𝑆𝑆𝑡𝑡)—to maximize 
its reward (𝑅𝑅𝑡𝑡+1). With the help of the policy, the agent performs an action (𝐴𝐴𝑡𝑡) depending on its state (𝑆𝑆𝑡𝑡). 
Based on 𝑆𝑆𝑡𝑡 and 𝐴𝐴𝑡𝑡 the agent receives 𝑅𝑅𝑡𝑡+1 [13]. Within the field of RL, deep learning (DL), which uses 
ANNs, can be used to determine the policy for chosen agents. The combination of RL and DL is called DRL 
and is a subfield of ML [17]. DRL enables the agents to approximate a function to learn how to behave 
optimally in an environment and reach the given goals (e.g., high delivery reliability). The agent learns the 
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optimal strategy by choosing actions based on the current state of the environment, with the goal of 
maximizing a numerical reward [13]. DRL is a promising way to solve problems, which cannot or only with 
much effort be solved analytically [18].  

A MAS consists of a set of agents interacting with the environment to perform one or more tasks jointly. 
The agents need information about their respective environment to achieve this optimization goal. The agents 
must obtain information from the environment, evaluate it with respect to the goals, and then select suitable 
actions [19]. WASCHNECK ET AL. [12] combined a MAS with DRL, realizing a decentralized autonomous 
approach for a dispatching heuristic, which was successfully tested for a production system producing 
semiconductors. The agents choose the best possible actions by using a policy based on a Deep Q-Network 
(DQN) [12]. DQN is based on Q-learning, but an ANN approximates the Q-values instead of the Q-table 
[20]. The risk of local optimization of the MAS was reduced by using a global reward function [12]. RÖSCH 
ET AL. [21] implemented a MAS using proximal policy optimization (PPO), a DRL approach, for energy-
oriented production control. Agents who had the ability to control the electricity level had to cooperate with 
electricity-consuming agents to maximize a common reward. Therefore, jobs had to be scheduled to be 
completed within a given period of time while avoiding a violation of a given energy threshold.  

The approaches presented were able to increase decision quality—represented by the improvements of 
production control—while reducing the reaction time significantly. Neither of the approaches was focusing 
the explainability of the decisions made by the MAS.  

2.2 Explainable AI  

Different approaches can realize the explainability of decisions in the context of ML. On the one hand, 
transparent models can be used; e.g., the parameters used for classification can be read out directly in a 
decision tree. Thus, the entire decision process is comprehensible, and the model does not require further 
processing [22]. These models are also called ante-hoc models [23]. However, ante-hoc models are 
disadvantageous in terms of the model’s accuracy compared to opaque models (e.g., ANN) [22]. 

On the other hand, post-hoc methods can be used to subsequently explain decisions made by opaque 
models[22,23]. With the help of the post-hoc methods, the decisions of ML algorithms can be explained 
while levering the advantages concerning the model’s accuracy [24]. There are two categories of 
explainability. Firstly, global explainability describes relationships learned by the model and its general 
behavior. Secondly, local explainability determines the influences of specific features leading towards a 
specific prediction [22]. Frequently used post-hoc methods include Local Interpretable Model-agnostic 
Explanations (LIME) [25] and SHapley Additive exPlanations (SHAP). SHAP is an approach based on the 
Shapley Value [26] and decomposes a model’s prediction into each attribute’s contribution to that prediction 
[27]. 

REHSE ET AL. [28] use an approach of explainable ML in the context of a model fabric. For this approach, a 
recurrent neural network is used to make predictions about the further course of the production processes. 
These predictions are subsequently explained by using LIME. Here, both local (individual decisions) and 
global explainability (general model’s behavior) are realized and subsequently visualized to the user [28]. 
KUHNLE ET AL. [29] investigate the decision logic of a single agent with DRL using a decision tree. However, 
the comprehensive explainability of the agents’ decisions needs to be further analyzed to overcome the black-
box problem [29]. Local and global explainability was used by HUBER ET AL. [30] to explain the behavior 
of a DQN-agent in a single agent environment. It was investigated that the combination of a local and global 
explanation helped to achieve a higher performance in the tests conducted [30]. Thus, the combination of 
MAS with DRL and explainable Artificial Intelligence (XAI) within the production control field promises 
great potential for improved performance and user-oriented information visualization.  
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3. Approach 

The approach presented within this paper—based on a MAS with DRL— intends to realize short reaction 
time and high decision quality without neglecting the user’s trust in decisions proposed by an agent-based 
decision support system. Therefore, ANNs are being used to select the best possible action based on the 
system’s current status. Due to the black-box nature of ANNs, additional steps are needed to realize the 
explainability of decisions. The developed approach is subdivided into two phases. (1) A user-specific 
observation and action space is defined based on specific user roles within a production system. 
Subsequently, the multi-agent framework is developed, which enables choosing the best possible action 
based on the system’s current status. (2) Lastly, a method for the explainability of decisions made by the 
agent and the specific ANN is implemented. Thus, the developed system is enabled to propose explanations. 

3.1 Multi-agent system with DRL 

This section defines the observation space as well as the action space, which are indispensable for the use of 
a MAS. The observation space determines the data, which each agent receives for selecting an available 
action from the action space. For determining the action space for each agent, potential actions (e.g., selection 
of the following order, short-term capacity increase) are identified for individual user groups in PPC (e.g., 
production controllers, foremen). Thus, representing their ability to influence the material flow within their 
user-specific scope in the context of production control. To define these company-specific measures, expert 
interviews have to be conducted. By defining these possible actions, the decision support system can propose 
user role-specific measures to the users. Thus, users only receive suggestions for action and information 
within their scope. 

Based on the different types of agents, a multi-agent framework is deducted. Figure 1 depicts a general set-
up for a hierarchical MAS. The agents’ action space represents measures, which the corresponding user or 
user group for each production resource can initiate within the scope of production control. In the example 
given, a second agent (e.g., a foreman) supervises two agents (e.g., machine operator). Between those two 
types of agents, the available action space and the observation space and, therefore, the available actions 
might differ. Therefore, an agent can be given a different responsibility depending on their respective 
abilities. For example, the agent representing a foreman might be able to change the volume of an order if 
necessary. In contrast, the machine operators might only determine the following order to be produced from 
a small number of orders.  

 

 
Figure 1: System architecture of the developed system with different types of agents 
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With the help of DRL, complex environments can be abstracted to select a suitable action given the situation 
[18]. Thus, enabling the determination of a policy for each separate agent, with regard to an individual 
observation space and action space. The agents’ training occurs by interactions between the production 
system’s simulation model and the MAS. Based on the reward given at the end of every episode (e.g., one 
week), the agents learn to choose the best possible action based on the system’s current status. The trained 
agents can react near real-time on disruptions. Within the scope of this paper, PPO is used as a DRL 
algorithm because of its high robustness while exhibiting good learning behavior [31,32]. PPO uses the 
actor-critic approach, in which π is learned based on a value function [31]. This allows generalizing complex 
decision situations well [32]. Based on the multi-agent approach, it is possible to fulfill production control 
tasks while optimizing the logistic costs.  

3.2 Explainability 

The MAS with DRL presented in Section 3.1 focuses on improving decision-making concerning decision 
quality and reaction time. However, PPO is a black-box method using ANNs. In order to determine the 
influencing parameters on decisions, post-hoc methods are used in this paper. Thus, through DRL, a high 
decision quality can be maintained, and at the same time, the decision-making can be made explainable. To 
increase the users’ confidence in the system, global explainability and local explainability are used to avoid 
unnecessary overrides. Post-hoc analysis requires the evaluation of the model as a whole. Therefore, it is 
necessary to evaluate every agent’s ANN. For this purpose, all influencing factors are examined concerning 
their effects on selecting a particular action. Thus, an explainer can be generated, which shows the 
influencing factors for a given initial state and the resulting decision. Therefore, it is possible to equip a 
trained system with an explainer once, use them continuously and obtain a post-hoc explanation. In order to 
achieve this, the influence of the observations on the choice of action is calculated using SHAP values [27]. 

These SHAP values provide the results determined by the system. Starting from a base value (e.g., planned 
quantity), the influence of the individual input characteristics can be calculated to determine the resulting 
value [27]. SHAP enables both global and local explainability. With the help of global explainability, it is 
possible to present the decision-making process in a generally comprehensible way. Thus, relevant 
influencing parameters can be identified in general. On the one hand, this helps the user to understand the 
influences on the system’s decision process. On the other hand, by determining the influence of different 
parameters, the agents’ observation spaces can be adapted. This has a positive impact on the learning 
behavior of the agents and their ANN. The local explainability allows the determination of single influencing 
factors and their contribution to single decisions. Figure 2 schematically shows a so-called force plot. At the 
top, the specific action being explained can be seen. The features visualized in black led to a reduction from 
70 to 40. The features in gray color show the features that stopped the reduction at 40. Thus, showing the 
influencing parameters’ impact on the decision and to which extent a system built in a user-centric manner  
 

 
Figure 2: Decomposition of an individual action of one agents provides the  

influences for why this action was chosen in the given situation.  
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using MAS and leveraging advanced techniques such as DRL can use XAI to increase the users’ trust in the 
proposed decisions while maintaining high decision quality and short reaction time. 

4. Use Case 

For the experiments being conducted within the scope of this paper, a simulation model of a production 
system has been used. The simulation model was built using Python as a programming language. Thus, 
realizing the short running times of the simulation model is beneficial for the number of iterations needed 
for the agents’ learning process. 

4.1 Simulation model 

The simulation model is based on a real-life production system and consists of eight interlinked machines. 
Those eight machines represent a multi-stage production process. In total, the production process has four 
stages and parallel machines in two of them. Machines within the same stage have different (but sometimes 
overlapping) abilities regarding products, which can be processed as well as different processing times for 
specific products. Each product has to be processed once within each stage, and no skipping of process steps 
is allowed. Each machine can have four states (processing, waiting, set up, disturbed). Machine breakdowns 
are stochastically distributed and cannot be avoided. Orders for each episode (representing one week) are 
created based on a historic distribution at the start of each episode. Each order is characterized by product 
type and quantity. One episode contains, on average, 35 differing orders. All orders can be picked at the 
beginning of the episode. The set-up time needed for the production of an order is mainly based on the 
product type of the preceding order on the specific machine.  

4.2 Multi-agent system 

For the experiments conducted in the context of this paper, the focus has been on the improvement of order 
sequencing based on the system state. For this purpose, each production resource agent has up to five orders 
and the associated properties of the order (e.g., quantity, product type) in its observation space. Each unique 
order in the observation space is represented by an action in the agent’s action space. Additionally to these 
actions, the agent can choose not to pick an order and wait if it is beneficial. If the previous action has been 
completed, agents can select a new action. The selection of actions from the agent’s action space determines 
the sequence of production orders. During sequencing, further restrictions such as employee capacities, 
different processing times on different machines, and machine conditions (e.g., machine failures) have to be 
taken into account.  

All agents receive a global reward at the end of the episode, determining how successful the past episode 
was. This approach has proven to be beneficial for the agents’ learning behavior. Furthermore, local optima 
can be avoided while maximizing the reward [12]. Thus, resulting in better handling of the complexity of 
the simulation model. The reward consists of two parts; one part represents the logistical performance (e.g., 
lead time), and the other represents the logistical costs (e.g., inventory cost) that arise during production. If 
the lead time decreases, the logistical performance reward increases. If the inventory costs for an episode 
decrease, the logistical cost reward increases. A company-specific prioritization of the reward can be 
achieved by scaling the rewards. 

The agents were trained by using PPO. The resulting ANNs were passed to SHAP Deep Explainer. Hereby, 
an explainer model could be built, allowing the decisions’ explainability. This makes it possible to show 
both the individual decisions of the respective agents and the superordinate factors influencing the agent’s 
decisions (global explainability). Particularly, the findings of global explainability were used to adjust the 
observation space and thereby improve the reward iteratively.  
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4.3 Results  

In order to evaluate the performance of the developed MARL system, two conventional methods are used 
for comparison. In many companies, heuristics are common for sequencing orders within production control 
[33]. A widespread heuristic being used due to its simplicity is FIFO (First in - First out) [34]. The second 
heuristic used for the evaluation is “shortest set-up time next (SSTN)”.  

For comparing FIFO, SSTN, and MARL, 52 episodes were simulated. All three approaches used the same 
initial production program. Figure 3 compares the average total reward and the corresponding components, 
which consist in this use case of lead time reward and inventory reward. For all episodes, the average total 
reward of MARL compared to FIFO was 22 % higher. Hereby, improvements were achieved to the same 
extent through increased logistical performance, represented by the lead time reward (by 24 %) as well as 
logistical cost, represented by the inventory reward (by 37 %). The average total reward of MARL compared 
to SSTN was 15 % higher. Thereby, the improvements stem from an improvement of the logistical cost (by 
40 %), as well as improvements of the logistical performance (4 %). Local explainability is primarily 
intended for realizing user-centered information visualization within specific decision situations (e.g., 
selecting the following order). By identifying the importance of different features with the help of global 
explainability, the observation space can be adjusted. Thus, the MAS’s resulting reward can be increased. 

MARL was able to increase the reward gained for production time as well as capital commitment costs 
compared to FIFO and SSTN, resulting in a higher overall reward. One challenge in optimizing logistic 
targets is to improve several metrics simultaneously. This arises because different objectives (e.g., short lead 
times, low inventory costs) interfere with each other. Optimizing those multiple objectives is complex. 
However, the developed approach, based on MARL, showed promising results of achieving a multi-
objective optimization. 

 
Figure 3: Comparison of the resulting rewards 

5. Summary 

With the help of the proposed approach, a production control based on MARL with explainable decisions 
can be realized. Deducted from different user roles, a MAS has been set up. With this work, it could be 
shown that a MAS with DRL offers the possibility to improve production control with regard to the defined 
reward. Combining a MAS, DRL, and XAI can improve decision quality and reaction time while also 
explaining the decisions being made. The focus on user-centricity is an essential component for the 
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applicability. The current state of the XAI component indicates that it can enable increased trust in the AI 
system. Further investigations, especially concerning the use of local explainability, are necessary. 
Furthermore, the behavior of different DRL algorithms, besides PPO, will be tested. For further validation, 
the number of machines and products—and therefore the complexity of the production system— will be 
increased.  
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Abstract 

All-solid-state batteries possess multiple advantages compared to already established battery technologies. 

Therefore, they are emerging as promising candidates for the sustainable storage of energy and acceleration 

of electrification in multiple fields. Despite the rapidly growing interest and vast material and cell design 

research activities, all-solid-state batteries are still in their infancy stage. Both market entry and full 

exploitation of the storage potential now mainly depend on the development of production technology 

empowering the large-scale breakthrough. Thereby, the selection of suitable manufacturing routes and 

development of production processes resulting from the novel components and materials plays a key role. 

To provide a better understanding and a systematic approach for the analysis of all-solid-state battery 

production, a holistic Matlab-based SimEvents factory simulation model is presented in this work. It enables 

the modeling and simulation of all-solid-state battery production scenarios consisting of a certain material 

choice, process steps, sequence, process parameters, storage capacity, and boundary conditions such as 

throughput, downtime, and scrap rate. An algorithm automatically performs the evaluation and comparison 

of the scenarios regarding production-related KPIs such as ramp-up time, capacity utilization, circulating 

stock, and storage load. In addition, the highly complex and nonlinear dependencies specific for all-solid-

state battery production, as well as bottlenecks between the processes, are quantified. As a result, the factory 

model enables the optimization of manufacturing routes and production processes depending on the product 

design at a very early stage and the low-level maturity of this new energy storage technology. 
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1. Introduction

In search of sustainable energy storage solutions suitable for countering the advancing climate change and 

providing energy to the steadily growing global population, various technologies are being pursued. Among 

these, the lithium-ion battery, in particular, has gained considerable importance in recent years resulting in 

a steep increase in global demand [1, 2]. According to forecasts annual sales figures might exceed 100 

million by 2050 which is mainly driven by the rising popularity of electric vehicles [1, 2]. As a result, the 

annually produced storage capacity will reach the terawatt range in the near future [1, 2]. To meet this trend 

and since the lithium-ion battery is already technologically highly mature, solutions for increasing storage 

capacity must be found [3]. Currently, various approaches are being pursued aiming at further developing 

lithium-ion battery components or introducing fundamentally new battery technologies. With regard to the 

components, an increase in storage capacity is evoked, for example, by anode material compositions 

containing silicon [4, 5] and nickel-rich cathode structures [6, 7]. With regard to novel battery technologies, 

for example, the development of sodium-ion batteries [8, 9], lithium-air batteries [10, 11], and all-solid-state 

batteries [12, 13] is receiving strong boosts. Due to various advantages, the latter in particular seems to be a 

promising candidate for replacing conventional batteries. High energy and power densities [12, 14], 

improved safety [15, 16], and longer durability [14, 17] are just some of its potential key characteristics. 

However, from the point of view of the application in electric vehicles, the technology is still in its infancy 

stage. This is because all-solid-state battery cells are currently manufactured manually on a laboratory scale 

mainly for electrochemical characterization in formats not suitable for upscaling and with small-scale 

processes producing high scrap rates and costs [18, 19]. On a larger and industry-relevant scale, processes 

have not been established yet, but some thought has already been given to conceptualizing possible 

manufacturing processes [20, 21]. Accordingly, the current challenge is to realize the all-solid-state battery 

potential by developing production technology. To economically orientate the development of processes and 

manufacturing routes towards cost-effective production, an approach is presented in the following. Here, the 

technological focus is on sulfidic all-solid-state batteries. 

2. Manufacturing strategies for sulfidic all-solid-state batteries

Sulfidic all-solid-state batteries consist of two electrodes and a separator and consequently do not differ from 

galvanic cells of conventional batteries [12, 22]. However, the materials applied in the components are new 

to battery technology. High capacity and low-density lithium metal is used as anode active material on a 

current collector for electrical contacting [12, 13]. The separator consists of densely packed ion-conducting 

solid sulfidic electrolyte particles held together by a polymeric binder [22, 23]. The composite cathode is 

composed of lithium-ion storing cathode active material particles, sulfidic solid electrolyte, and additives 

such as conductive carbon for electrical conductivity and binder for mechanical stability [23, 24]. For 

electrically contacting the composite cathode, these components are applied to a current collector. [23, 24] 

Figure 1 schematically depicts the structure of such a cell with its components. Since they do not play any 

further role in the following sections, the additives are not shown. 

Figure 1: Composition of a sulfidic all-solid-state battery [14, 23] 
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According to current research, both composite cathode and separator can be manufactured in processes 

already used in the roll-to-roll production of conventional lithium-ion battery electrodes [19, 22, 25]. In the 

first step called mixing, the components of the separator and composite cathode are dispersed in a solvent. 

The result of this step is a slurry that is applied as a wet film to a substrate in the following coating step. 

Subsequently, the solvent is removed from the wet film in the drying step. The remaining porous dry film is 

then compacted in the final step using a calender. Since the performance of a sulfidic all-solid-state battery 

is determined by the contact of the solid-state particles, the compaction is of particular importance. 

Distinguishing the production from already established battery technologies is the fact that the process steps 

do not have to be carried out in parallel for composite cathode and separator. Theoretically, multiple 

combinations are conceivable with regard to the sequence. As an example, three of these strategies are shown 

in figure 2. According to current research, these are most promising [20, 23, 24]. 

Figure 2: Examples of manufacturing strategies for the production of sulfidic all-solid-state batteries 

The first manufacturing strategy is based on the production of conventional lithium-ion battery components, 

whereby the composite cathode and separator are manufactured in two separate process chains consisting of 

mixing, coating, drying, and calendering before being assembled to the cell. In the second strategy, the 

composite cathode slurry is mixed, coated onto the current collector, and then dried. Afterward, the separator 

slurry is applied to the cathode before the resulting compound is dried and compacted. By this type of 

processing, the separator penetrates the pores of the loosely packed composite cathode and only a single 

compaction step is performed for the compound. The third manufacturing strategy is similar to the second 

one, except that the separator is coated onto the already compressed composite cathode before the compound 

is dried and compressed. Consequently, no penetration of the separator slurry into the composite cathode 

occurs and two compaction steps are performed. 

Based on these examples, it becomes clear that theoretically feasible manufacturing strategies for sulfidic 

all-solid-state batteries significantly differ regarding production technology. Therefore, the analysis of the 

process arrangements is made assessable by the presented approach aiming at identifying suitable strategies 

from an economic perspective. 

3. Modeling of manufacturing routes

A simulation model quantifying the manufacturing strategy’s impact on production-related key performance 

indicators (KPIs) and therefore enabling the economic evaluation was developed. The focus is on KPIs 

evaluating the efficiency of production such as throughput, ramp-up time, circulating stock, and storage 

utilization. The model enables the arrangement of processes according to the strategy and process parameters 
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chosen to suit both material choice and battery cell format. To perform a simulation run and systematically 

analyze the influence of parameters, various boundary conditions can be chosen to define so-called 

production scenarios. 

3.1 Simulation of production processes 

The process steps mixing, coating, drying, and calendering posing the basic building blocks of each strategy 

are implemented in an event-based Simulink model in Matlab enabling a high degree of control over process 

parameters and design of interrelations between the individual steps. Both sequences as well as the number 

of processes and their parameters can be chosen by adding and connecting them on the Simulink interface. 

As an example, the model for the first manufacturing strategy in which composite cathode (top row) and 

separator (bottom row) are produced separately is shown in figure 3. Upon receiving a production order 

containing the material composition and required quantity, the individual process steps are executed. Their 

relationship is modeled via the ratios of the intermediate products. For example, the link between mixing 

and coating is described in terms of the volume of slurry needed to produce the required wet film possessing 

a certain length, width, and thickness. The process output of each step is by an intermediate storage 

uncovering bottlenecks and low capacity utilization. Once all process steps are completed, the simulated 

components are assembled into a cell for calculating the resulting storage capacity. This information is 

merged with all variables along the entire process chain at the end of each simulation run. 

 

Figure 3: Model of the production processes in Matlab Simulink for manufacturing strategy 1 

For each simulation run, various boundary conditions must be defined for the model. These include factors 

such as annual factory output, number of working days, and number of daily shifts as well as equipment 

effectiveness and scrap rate of each process step. Overall, this results in a tool supporting the systematic 

analysis of manufacturing strategies for producing sulfidic all-solid-state batteries. 

4. Simulation of manufacturing strategies 

To show the influence of the depicted manufacturing strategies on KPIs by applying the model, different 

production scenarios are defined. The shown selection can be extended by any strategies as well as boundary 

conditions or process parameters. 

4.1 Definition of production scenarios 

Different production scenarios for manufacturing the composite cathode separator compound are defined for 

each strategy varying equipment availability and scrap rate in three levels. For each simulation run, the 

annual storage capacity factory output is 20 GWh, work is carried out 300 days a year in three shifts each 

lasting eight hours. Likewise, the parameters of all process steps are kept constant for the isolated 
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examination of availability and scrap rate. Table 1 contains the overview of the manufacturing strategies and 

parameter levels for each scenario resulting in a total of 27 simulation runs. 

Table 1: Production scenarios for three different manufacturing strategies and variation of two parameters 

Manufacturing strategy Equipment availability in % Scrap rate in % 

1 (parallel) 100 0 

2 (separator on porous cathode) 95 5 

3 (separator on dense cathode) 90 10 

The simulations are performed for a 150 mm by 150 mm pouch cell containing a total of 40 layers. The 

materials used are lithium metal as anode active material, NMC 622 as cathode active material, a sulfidic 

solid electrolyte, carbon fibers as conductive additive, and a polymeric binder. The electrode current 

collectors are made from aluminum and copper. Based on these assumptions, the calculations result in 739 

Wh/l for the volumetric energy density of a cell is which is significantly higher compared to conventional 

batteries [26–28]. 

4.2 Analysis of throughput 

The results from the simulation runs shown in figure 4 display that, given a certain availability and scarp 

rate along the process chain, the manufacturing strategy affects the number of cells produced per minute by 

up to 2 %. Differences in terms of throughput for strategy 1 compared to strategies 2 and 3 occur due to 

synchronization difficulties of the parallel process chains. The deviation increases as the equipment 

availability drops and the scrap rate declines. Thereby, the availability shows a much stronger impact on the 

throughput than the latter. This is due to the significant increase in idle times of intermediate products 

between processes and leads to a productivity drop of approximately 8 %. Consequently, from this point of 

view, it makes no difference whether the components are manufactured separately or the separator is coated 

directly onto the uncompressed or densified composite cathode. 

Figure 4: Influence of equipment availability on cell output per minute for 5 % (left) and 10 % (right) scrap rate 

4.3 Analysis of circulating stock 

A distinct pattern is emerging as the manufacturing strategy strongly influences the circulating stock along 

the process chain. Figure 5 shows a contrasting development of the number of composite cathode and 

separator batches. The circulating inventory of the composite cathode is lowest for strategy 1 and increases 

significantly for strategies 2 and 3. The differences of approximately 25 % and 50 % compared to strategy 1 

are due to the increasing lengths of the process chains and the fact that manufacturing always starts with 

mixing and coating of the composite cathode. With regard to the separator, the trend is the opposite. The 

number of batches decreases when changing from strategy 1 to 2 or 3. This is due to the fact, that the separator 

is added to the compound at a later stage. However, the difference is not as distinct as for the composite 

cathode. Besides the manufacturing strategy, the equipment availability also affects the circulating stock. 
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This is because intermediate products such as slurries or dry coatings cannot be further processed as a result 

of higher process failure rates leading to fuller storages and therefore increased idle times. The scrap rate 

does not have a significant impact on this trend. 

Figure 5: Circulating stock at 5 % scrap rate for 95 % (left) and 90 % (right) equipment availability 

4.4 General comparison of manufacturing strategies 

Besides providing a detailed analysis and explanation of the interaction between manufacturing strategies 

and production-related parameters, the approach mainly aims at the general comparison of processing routes. 

Spider diagrams show the comprised results of the process simulations, containing the normalized 

assessment on all KPIs as a function of the process availability. The higher the achieved rating for a certain 

KPI, the more advantageous the manufacturing strategy performs in this respect. Based on figure 6 showing 

the result for varying equipment availability at a scrap rate of 0 %, significant differences between the 

manufacturing strategies become apparent. 

Figure 6: Holistic comparison of manufacturing strategies 1 (top left), 2 (top right), and 3 (bottom); 

increased relative advantage with increasing rating from 1 to 9 
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If, for example, the aim is the production of different cell formats with varying geometries or storage 

capacity, a strategy should be selected that has a short ramp-up time to achieve full utilization of the 

processes as quickly as possible. This requirement is best fulfilled by strategy 1. However, if the aim is to 

keep throughput as high as possible with fluctuating process availability, strategy 3 should be selected, as it 

shows the best performance in this respect. If the material costs tied up in processes and storage are to be 

kept as low as possible, strategy 2 or 3 should be chosen, as these have the lowest circulating stock. The 

evaluation of the key figures with regard to further settings can be carried out analogously. 

5. Discussion 

It turns out that the selection of a manufacturing strategy for sulfidic all-solid-state batteries from an 

economic point of view is not straightforward. The process model uncovers major differences in the 

performance of selected manufacturing strategies with respect to production-related KPIs. However, 

identifying the most advantageous strategy based on the presented results is not possible despite deep 

insights. This is substantiated by the fact, that each KPI will need to be weighed by resulting costs and their 

relation to the storage capacity. In addition, the components' performance regarding aspects such as rate 

capability and long-term durability need to be considered as well. Also, the overarching strategy of the cell 

producer which might either lean toward flexibility or throughput maximization will have to be taken into 

account. Thus, the model is just one of many building blocks in the decision-making process aiming at 

establishing a cost-effective and high-quality production of all-solid-state battery cells. 

6. Conclusion and outlook  

For the production of sulfidic all-solid-state batteries and utilization of their potential, a suitable 

manufacturing strategy must be chosen. As various processing routes are conceivable at the present stage of 

the technology, there is a need for an economic evaluation of these streamlining the cost-effective process 

development. To perform this, a Matlab-based model was developed providing the relative comparison of 

manufacturing strategies regarding production-related KPIs. Its operation was demonstrated by comparing 

three manufacturing strategies. In the first case, the composite cathode and separator are produced in two 

parallel process chains consisting of mixing, coating, drying, and calendering. In the second case, the 

separator is coated onto the uncompressed composite cathode, and in the third case, the separator slurry is 

applied to a densified cathode. The simulation-based analysis of the three strategies as a function of scrap 

rate and equipment availability shows differing routes, in some cases significantly, with regard to 

production-related KPIs such as throughput and circulating stock. As a result, this contributes to estimating 

the effects of the chosen processing procedure on the later to be established industrial production. 

Future works and examinations will further analyze various manufacturing strategies. For this purpose, 

uncertainties regarding the processes and their parameters will be integrated into the model. In addition, the 

production steps of cell assembly and finalization will be modeled. Once this is completed, the authors aim 

at monetarily weighting the evaluation criteria to support the selection more clearly in this respect. 
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Abstract 

Beyond conventional automated tasks, autonomous robot capabilities aside to human cognitive skills are 
gaining importance. This comprises goods commissioning and material supply in intralogistics as well as 
material feeding and assembly operations in production. Deep learning-based computer vision is considered 
as enabler for autonomy. Currently, the effort to generate specific datasets is challenging. Adaptation of new 
components often also results in downtimes. The objective of this paper is to propose an augmented virtuality 
(AV) based RGBD data annotation and refinement method. The approach reduces required effort in initial 
dataset generation to enable prior system commissioning and enables dataset quality improvement up to 
operational readiness during ramp-up. In addition, remote fault intervention through a teleoperation interface 
is provided to increase operational system availability. Several components within a real-world experimental 
bin-picking setup serve for evaluation. The results are quantified by comparison to established annotation 
methods and through known evaluation metrics for pose estimation in bin-picking scenarios. The results 
enable to derive accurate and more time-efficient data annotation for different algorithms. The AV approach 
shows a noticeable reduction in required effort and timespan for annotation as well as dataset refinement. 

Keywords 

Data Annotation; Augmented Virtuality; Human-in-the-Loop; Machine Learning; Bin-Picking 

1. Introduction

Short product life cycles, an increasing amount of product variants and more complex goods pose challenges 
to the manufacturing industry. Flexible automation, involving robot systems, contribute to improve the 
situation. However, conventional automation reaches limitations in scenarios with uncertainties, including 
industrial bin-picking for material supply, machine feeding and assembly. Deep learning (DL) is an enabler 
for autonomous robot capabilities able to cope with such complex tasks [1]. Yet, the required dataset 
generation is time-consuming and thus costly [2]. In addition, downtimes may occur on system ramp-up [3]. 

In this context, the contribution of this paper is an augmented virtuality (AV)-based real-world RGBD data 
annotation and human-in-the-loop (HuITL) dataset refinement method. Objectives of the method are to 
reduce the effort and time spent in initial dataset generation for industrial bin picking and tuning the dataset 
up to operational readiness during ramp-up phase. In a single operation, both data for object classification 
and localization as well as data for 6DoF pose estimation are annotated. When in online refinement mode, 
in addition, the cognitive skills of the human remote operator are exploited to provide fault intervention and 
proper task solution for autonomous handling from distance by a teleoperation interface. The method enables 
accurate and more time-efficient RGBD data annotation and refinement. Thereby a noticeable reduction in 
required effort for successful application deployment and adaptation in industrial bin picking is achieved. 
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2. Related Work: Data Generation and Human-In-The-Loop in Industrial Bin-Picking

In this section, progresses made in data generation for DL-based object recognition and regarding HuITL 
approaches for improving autonomous robot skills within industrial bin-picking applications are reviewed. 

2.1 Data Generation for Object Recognition 

The classification of algorithms can be done by different criteria, such as the image processing or input data. 
This includes object classification, localization, segmentation and pose estimation as well as solving 
combinations of these. As input, 2D-RGB, depth data or both, as well derived point clouds are common [4]. 

Although DL proves to outperform traditional algorithms, efforts required for specific dataset generation 
and training parametrization are still high [2]. A large quantity of data is required to improve the performance 
as well as to reduce the risk of overfitting. Data itself proves to be both the constraining and the driving 
factor. For data generation multiple techniques exist (cf. Figure 1). Depending on the type of input data, 
annotation is performed by 2D- and 3D-bounding boxes, 6DoF pose specification or pixel-wise labeling. 

Figure 1: Data annotation types (center), procedures for annotating real-world data with common tools (top) as well 
as procedures and tools for automated generation of synthetic data (bottom) 

Visual fiducial markers are state of art to determine ground truth pose for real-world objects [5]. Utilizing 
markers, however, is cumbersome and time-consuming. Components difficult to annotate exist due to 
geometric complexity. In addition, occlusions in multi-object scenarios complicate marker application. 

For annotating objects based on recorded sensor data, software such as YOLO BBox Annotation Tool (Ybat), 
3d-bat [6] and labelCloud [7] are important tools. Further available point cloud labeling tools focus mainly 
on autonomous driving [8]. Another solution is LabelFusion [9], a pipeline utilizing recorded RGBD video-
data to produce pixel-wise object masks and 6DoF object pose labels. For software tools it is common to 
perform labeling utilizing computer monitor based graphical user interfaces (GUI). Thereby, components 
are iteratively aligned through definition of distinctive object related points and subsequent object boundaries 
are manually defined. For LabelFusion, in addition, a preceding 3D reconstruction step is required. Current 
solutions for labeling are time-consuming and common GUIs lack in spatial scene representation, especially 
complicating 6DoF pose annotation. In contrast, VR shows potential for efficient labeling. While VR 
solutions exist for semantic segmentation of large landscapes [10], approaches for appropriate labeling of 
data required for accurate robotic grasping operations are not available. 

Synthetic data represent an alternative requiring less effort [11]. Thereby, an increased variance of 6DoF 
poses and camera perspectives as well as control of the image rendering are achievable. Digital component 
models involving texture and material specifications as well as current R&D-results on generative 
adversarial networks, domain adaption and domain randomization enable a more realistic dataset generation. 
However, closing the domain gap between synthetic and real-world data is still challenging [12]. 
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2.2 Human-in-the-Loop Intervention and Dataset Refinement 

Although datasets are generated component-specific, fault incidents of autonomous robots still occur. Since 
a machine operator may not always be nearby or on-site fault clearance may be harmful, effective remote 
intervention solutions are necessary. Current research focusses on teleoperated intervention [3]. However, 
relying solely on remote manipulation does not enable system adaptation. This is a relevant aspect, since 
root causes of failures often recur as well as operator time is expensive. Once a model is trained, human 
cognitive skills remain valuable to interpret and review model predictions as well as to enable dataset 
refinement [13,14]. Yu et al. show the potential of iterative refinement, especially in a more application-
specific manner [15]. However, in industrial bin-picking exist a lack of HuITL dataset refinement methods. 

3. Augmented Virtuality Data Annotation and Human-in-the-Loop Refinement and Intervention

Following the AV based real-world data annotation and HuITL refinement and intervention are described. 
First, an overview on architectural level is given (cf. Figure 2), followed by a description of the method. 

Figure 2: System overview as schematic technical architecture modelling (TAM) 

3.1 Overview: Schematic Technical Architecture Modelling (TAM) 

The AV rendering engine (cf. Figure 2) is described in previous work [16,17]. It involves rendering of the 
known environment, recognized objects as well as rendering of a pre-segmented point cloud. The illustrated 
image processing pipeline serves both systems for component classification, localization and 6DoF pose 
estimation. The exemplary utilized pipeline within this work is described in [4]. A robot control middleware 
is required to automate parts of the data annotation process (e. g. by changing camera perspective) as well 
as for HuITL intervention. The utilized middleware based on the Robot Operating System (ROS) is available 
open-source and is described in previous work [18]. Regarding the bin-picking system, the method requires 
access to the DL-dataset. At least weights should be interchangeable. To achieve a modular bin-picking 
system, a skill based logic using ROS actions (e. g. for motion control) is implemented [19]. Thereby, 
triggering and composition of skills as orchestration to a bin picking task is performed by a state machine. 

3.2 Data Annotation Engine 

The data annotation (Figure 2) is structured in: system parameterization and model selection, labeling and 
data generation (3.2.1) as well as automated data complementation (3.2.2). Although the descriptions address 
online data processing, the method is suitable for data generation based on once recorded offline sensor data. 

Figure 3: AV Annotation: model selection (A) and labeling process (B) for data annotation 
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3.2.1 System Parameterization and Model Selection as well as Labeling and Data Generation 

According to the bin-picking system, specifically the type of camera input data, the corresponding resolution 
and the type of desired output data (e. g. color images, point cloud, segmentation map, etc.) are determined. 
The camera transformation 𝐓𝐓worldcamera with respect to the world frame is calculated by the AV. 

Within the annotation engine, new or not recognized components are rendered using their point cloud. The 
objective is to label these with matching models. For this purpose, the corresponding model is initialized (cf. 
Figure 3 (A)). The transformation 𝐓𝐓world

object of components with respect to the AV world frame is determined 
within initialization step as well as the transformation 𝐓𝐓camera

object  is calculated. Thus, through visual alignment 
of the virtual component within the point cloud, the required ground truth is obtained (cf. Figure 3 (B)). 

Since the coordinate system in rendering engines are based left-handed, whereas the camera coordinate 
system in robotics is often right-handed, transformations are applied. Finally, the labeling results are stored. 

3.2.2 Automated Robot-Assisted Data Complementation 

To further reduce effort in data generation, an optional automated robot-assisted data complementation is 
provided. This is applicable for setups with a robot-wrist mounted camera. Due to the previous labeling, the 
6DoF poses of objects in space are known. Subsequently, the robot arm is remotely manipulated by the 
operator or automatically moved according to a pre-defined trajectory above and along the components for 
gaining further perspective object views. Thereby, new real-world data is annotated automatically. 

3.3 Refinement and Intervention Module (HuITL) 

Whereas AV annotation is employed for initial data generation, the refinement module (Figure 2) addresses 
system ramp-up enabling continuous dataset improvement. The method is structured in: interconnection and 
environment rendering (see 3.3.1), fault clearance (3.3.2) as well as annotation and refinement (3.3.3). 

Figure 4: HuITL refinement and intervention: fault scenario caused by low confidence pose estimate (A), schematic 
illustration of teleoperated motion control (B) as well as hybrid component pose determination and annotation (C) 

3.3.1 Interconnection and Environment Rendering 

Once a fault is indicated by a linked system, an operator interconnects via the AV system. Subsequent, the 
robot environment involving system models and camera data is rendered. The fault condition itself might be 
triggered through a state-machine of the bin-picking system, caused by a repeatedly incorrect or low-
confidence pose estimation as well as by multiple failed grasping attempts (cf. Figure 4 (A)). 

3.3.2 Fault Clearance 

The intervention module initially visualizes the last pose estimate (cf. Figure 4 (A)). In case a robot 
movement is required for solving (e. g. for component grasping or to realign camera, a component or the 
manipulator), the teleoperation interface is utilized (B). If the failure is caused by component localization or 
pose estimation, operators determine a reasonable solution (e. g. by target pose specification) based on the 
corresponding object model (C). This serves the bin-picking system as input for automated task completion. 
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3.3.3 Data Annotation and Network Refinement 

The provided solution by the operator is stored as input for dataset refinement. The procedure is identical to 
AV annotation process. It differs in not generating an initial dataset, instead extending the existing dataset 
with additional more application-specific labels. The network model is updated based on the pre-trained 
model. Thereby, the latent network parameters are optimized towards the bin-picking application scenario. 

4. Setup and Procedure of Experiments

The system setup, design of experiments as well as evaluation metrics are described in the following sections. 

4.1 Demonstrator System Setup 

To evaluate the method, a bin-picking testbed is implemented (cf. Figure 5 (A)). Visual perception is 
performed by a roboception rc_visard 65 stereo camera. The camera is mounted at the robot wrist. The 
camera delivers a depth image with a resolution of 640 × 480 pixels at a frame rate of 25 Hz. The highest 
available depth image resolution of 1280 × 960 pixels is not utilized due to lower frame rates. The camera 
depth deviation is specified with ±0.5 mm at 200 mm object distance and ±15 mm deviation at 1000 mm. 
Within the testbed a Yaskawa HC10 articulated robot is used. The system is based on ROS Melodic and 
Unity3D. ArUco markers are utilized for calibration between robot, camera and workspace. 

Figure 5: Bin-picking testbed (A) with evaluation components (B) – I/O shield (1), shifting sleeve (2), flap cover (3), 
shifting rod (4) and shifting fork (5); qualitative visual pose estimation results based on evaluation components (B). 

The components under investigation are metallic and non-metallic parts of differing characteristics (i. a. 
material, shape, texture and surface) and will be referred to as: I/O shield (1), shifting sleeve (2), flap 
cover (3), shifting rod (4) and shifting fork (5). 

Regarding materials, the flap cover (3) is made of polymer blend while the other parts (1,2,4,5) are metal. 
Geometries are a mixture of cylindrical and planar parts. Additionally, flap cover is matt and slightly textured 
while all metal parts are texture-less. I/O shield (1), in addition, challenges with a perforated surface. 

4.2 Procedure of Experiments 

Three experiments are performed for evaluation. First, the required timespan and the accuracy achieved 
when labeling are assessed. Here AV annotation is compared to the established AprilTag marker technique, 
utilized as standard for real-world data annotation in 6DoF pose estimation as well as been proven for high 
accuracy regarding annotation output [4,5]. This experiment serves to compare the performance of the 
proposed method in terms of accuracy and time effort to the state of the art. Further, to demonstrate feasibility 
and successful operability of the annotation outcomes provided by the proposed method, training results are 
tested by an image processing pipeline involving YOLOv3 [20] for object localization as well as Frustum 
PointNets [21] (FPN) for pose estimation within the described real-world bin picking testbed (Figure 5). 
Here, achieved object classification and localization success rates as well as 6DoF pose estimation accuracies 
obtained are assessed based on established evaluation metrics (cf. 4.3). Finally, a small user study is carried 
out to determine the Mean Time to Repair (MTTR) of the proposed teleoperation based fault intervention. 
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Figure 6: Ground truth determination (A) – (C) as well as technique used for preparing AprilTag comparison (D) – (F) 

For accuracy evaluation, ground truth is required. First, ArUco markers serve for calibration (Figure 6 (A)). 
Afterwards, the test component is placed upon the ArUco marker and aligned (B). At the same time, the 
component is configured within a simulation (C). As a result digital and real-world components coincide. 
Finally, the ground truth 6DoF pose acquired is stored. Several steps are required for data annotation via 
AprilTag markers ((D)-(F)). First, for preparation the component must be measured to obtain center of 
gravity and surface middle (D). Subsequent, two markers are placed, one as reference within the scene and 
another in the component surface middle (E). Specifications obtained are stored for parametrization. Finally, 
the pose, the RGB image and the point cloud are recorded (F). 

For comparison, AV-based annotation and AprilTag both are performed under consideration of the main 
influencing factors: namely the person conducting the annotation and the component to be annotated. For 
this purpose, a user study is carried out, involving five volunteers with annotation experience. Thereby, the 
five components ((1)-(5)) are labelled. As resulting measures, the timespan required for preparing and 
conducting labeling is recorded. The achieved accuracy is evaluated according to the metrics described (4.3). 

To determine the MTTR, the study is extended. First, two failure types are defined – low-confidence pose 
estimation and failed grasping. A random selection between both is performed for each intervention. Within 
a session, the timespan between the following steps is measured for evaluation: putting on the VR headset, 
interconnection, spatial acquisition of the fault case, teleoperating the robot and target pose determination. 

4.3 Evaluation Metrics 

Throughout the literature, several different metrics for evaluating 6DoF pose accuracy have been proposed. 
To quantify the labeling as well as the resulting pose estimation accuracy, the following metrics are chosen. 

Average Distance (ADD) [22] computes average distance between ground truth 6DoF pose and labeled or 
estimated pose utilizing the component model ℳ. With given ground truth pose 𝐏𝐏� and estimated pose 𝐏𝐏�, the 
average distance of model points is calculated (cf. [23]) as – utilized for test components (1), (3) and (5). 

𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴(𝑷𝑷� ,𝑷𝑷�;ℳ) = 𝑎𝑎𝑎𝑎𝑎𝑎
𝑥𝑥 ∈ ℳ

 1
1�𝑷𝑷

�𝑥𝑥 − 𝑷𝑷�𝑥𝑥 �|
2
.  (1) 

Average Distance for objects with Indistinguishable views (ADI) [22] is similar to ADD-metric, but adapted 
for components with symmetric rotation shape and is defined as – utilized for test components (2) and (4). 

𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴(𝑷𝑷� ,𝑷𝑷�;ℳ) = 𝑎𝑎𝑎𝑎𝑎𝑎
𝑖𝑖 ∈ ℳ

 𝑚𝑚𝑚𝑚𝑚𝑚
𝑗𝑗 ∈ ℳ

1
1�𝑷𝑷

�𝑚𝑚 − 𝑷𝑷�𝑗𝑗 �|
2
.  (2) 

Visible Surface Discrepancy (VSD) [23] is proposed to deal with cases of pose ambiguity. VSD is suitable 
for both symmetric as well as non-symmetric objects and defined as 

𝑒𝑒𝑉𝑉𝑉𝑉𝐴𝐴(𝑷𝑷� ,𝑷𝑷�;ℳ, 𝐼𝐼, 𝛿𝛿, 𝜏𝜏) = 𝑎𝑎𝑎𝑎𝑎𝑎
𝑝𝑝 ∈ 𝑉𝑉�∪𝑉𝑉

𝑐𝑐(𝑝𝑝,𝐷𝐷�,𝐷𝐷�, 𝜏𝜏)  (3) 
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𝑉𝑉�  and 𝑉𝑉 represent 2D masks of the visible surface rendered from ℳ (ℳ� =  𝐏𝐏�ℳ and ℳ� =  𝐏𝐏�ℳ) with 
estimated pose 𝑃𝑃� and ground truth 𝑃𝑃. The tolerance 𝛿𝛿 is defined to determine visibility. 

With distance images 𝐷𝐷� and 𝐷𝐷 rendered at the estimated and ground truth, matching cost c is calculated as 

 𝑐𝑐�𝑝𝑝,𝐷𝐷�,𝐷𝐷, 𝜏𝜏� = �𝑑𝑑/𝜏𝜏 𝑚𝑚𝑖𝑖 𝑝𝑝 ∈ 𝑉𝑉� ∩ 𝑉𝑉 ∧ 𝑑𝑑 < 𝜏𝜏
1 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑒𝑒𝑒𝑒,

   (4) 

with 𝑑𝑑 = |𝐷𝐷�(𝑝𝑝) − 𝐷𝐷(𝑝𝑝)| as distance between the surfaces of ℳ�  and ℳ at pixel 𝑝𝑝. Thereby, 𝜏𝜏 denotes the 
misalignment tolerance limiting the allowed range of d. 

5. Results and Discussion 

Following, the results regarding time efficiency and accuracy for data annotation utilizing the proposed AV-
based approach in comparison to the established AprilTag marker technique are presented in Figure 7. 

 

Figure 7: AV annotation versus AprilTag regarding a) the timespan required to create a single annotation, b) the 
resulting ADD (components: (1), (3) & (5)) and ADI ((2) & (4)) measures and c) the resulting VSD vs. ground truth 

5.1 Analysis of the Annotation Time 

The experiments show that fiducial marker annotation requires about one minute (cf. Figure 7 (a)). Variance 
in timespan is mainly caused by the subject experience and the component complexity. The main portion of 
time consumption is caused by the procedure of marker usage. Additionally, there is geometry dependent 
preparation time, which increases the required timespan, but scales with annotation numbers. On the other 
hand, timespans required for AV annotation are 85 % less. On average annotating a component requires 
about eight seconds as there are no preparation procedures required as well as the faster, immersive 
interaction with the HMI. Part complexity does not take an equally important role as it does with AprilTag 
labeling. However, subjects and their experience with using the HMI do have a slight impact. 

5.2 Analysis of the Annotation Accuracy 

To evaluate the accuracy of the pose estimation of AV versus AprilTag annotations, ground truth is obtained 
by duplicating the real-world scene and placing models with known poses at measured locations within the 
scene. Applying the described 6DoF pose evaluation metrics, resulting annotation quality can be quantified. 

Regarding ADD or ADI, as applicable, quite similar results are achieved with each annotation method (cf. 
Figure 7 (b)). The proposed approach is nearly as accurate as annotating with AprilTags, however, requires 
only about 12 % of the time. For shifting sleeve, which is a hollow part, creating pose labels with AprilTags 
is more imprecise since measurement of component geometry and center of gravity is complicated. Results 
for VSD are nearly identical for both approaches (c). With respect to the VSD metric, resulting values below 
0.5 are considered as good. Here, AprilTag is outperformed for 6DoF poses obtained for shifting sleeve. 
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5.3 Demonstration of Operability using Annotated Data under Industrial Application Conditions 

The shifting fork component serves as chosen example to demonstrate operability of the annotation method 
to generate different annotation data types required for an mixed image processing pipeline in a single step 
(e. g. YOLO + FPN). Final datasets were automatically complemented through varying object and camera 
poses (see 3.2.2). In the end, 150 component specific measurements are taken into account for YOLO as 
well as 700 for FPN. Thereby, single- and multi-object setups are evaluated separately. Utilized and 
evaluated is an initial, unrefined dataset, generated for the system ramp-up stage. 

 

Figure 8: Pose estimation errors retrieved for scenarios with single and multiple objects, visualized as the empirical 
cumulative distribution function in terms of ADD and VSD metric for shifting fork RGBD real-world dataset 

The performance of YOLO in terms of mean average precision (mAP@50IOU) reaches 91.42 % for all five 
components. Specifically, for shifting fork, an average precision (AP@50IOU) of 95.8 % is obtained. For 
ADD, a pose estimate is considered correct if error 𝑒𝑒ADD ≤  𝑘𝑘 ∙  𝑑𝑑. Thereby, k is a constant to be chosen and 
d the largest distance between any pair of model vertices, i. e. the diameter or length. Shifting fork features 
a dimension of 167 mm × 130 mm × 28 mm (l × w × h). For VSD, a pose estimate is considered correct if 
𝑒𝑒VSD ≤ 0.5 is met. Within this evaluation, parameters are set to k = 0.1 as well as to τ = 30 mm and 
δ = 30 mm. In single object scenario a recallADD of 85.3 % and a recallVSD of 78.5 % are obtained. In multi-
object scenario, a recallADD of 78.7 % and a recallVSD of 81.2 % are achieved. 𝑒𝑒ADD and 𝑒𝑒VSD visualized as 
empirical cumulative distribution function are shown in Figure 8. In conclusion, the results obtained are 
rated as good, especially since solely real-world data without any additional mixed synthetic data is used. 

5.4 Analysis of Fault Clearance Potential 

To determine the advantage generated by the intervention strategy, a small user study is performed. 
Therefore, a bin-picking failure is simulated and the timespan resolving the issue is recorded. On average it 
took about 55 seconds to return the robot into autonomous operation. Compared to manual fault clearance, 
where the operator walks to the robot, triggers emergency safety circles before taking action, the AV 
approach saves time. This applies even more for supervising multiple bin-picking systems, since no transit 
time is required. Besides teleoperated solving, our approach provides direct target pose specification and 
subsequent automated object handling. Simultaneously, annotated data for dataset refinement is generated. 

6. Conclusion and Outlook 

In this work, an annotation and refinement method for RGBD data in rigid objects industrial bin-picking is 
described. The results obtained by the proposed method show a noticeable reduction in effort, measured by 
the required timespan for annotation, while maintaining high annotation accuracy at least competitive to the 
state of the art. It provides support for multi-object- and automated annotation as well as different I/O-
formats. In addition to pure remote intervention, the HuITL approach enables optimization and enhanced 
adaptation during system ramp-up through dataset refinement. Although, the method focusses on online data 
processing, the method is also suitable for dataset generation based on once recorded offline sensor data. 
Future research will concentrate on hybrid reinforcement- / imitation learning for component grasping. 

836



References 

[1] Obermeier, B., Treugut, L. Learning Systems in Hostile Environments, in: , Lernende Systeme 2019, Munich.
[2] Jo, H.-J., Min, C.-H., Song, J.-B., 2018. Bin Picking System using Object Recognition based on Automated

Synthetic Dataset Generation, in: 2018 15th International Conference on Ubiquitous Robots (UR). 2018 15th
International Conference on Ubiquitous Robots (UR), Honolulu, HI. IEEE, pp. 886–890.

[3] Blank, A., Berg, J., Zikeli, G.L., Lu, S., Sommer, O., Reinhart, G., Franke, J., 2020. Intervention strategy for
autonomous mobile robots. wt Werkstattstechnik online 110 (09), 613–618.

[4] Blank, A., Hiller, M., Zhang, S., Metzner, M., Lieret, M., Thielecke, J., Franke, J., 2019. 6DoF Pose-Estimation
Pipeline for Texture-less Industrial Components in Bin Picking Applications, in: , IEEE ECMR, Prague, Czech.

[5] Wang, J., Olson, E. AprilTag 2: Efficient & robust fiducial detection, in: , 2016 IEEE IROS 2016, pp. 4193–4198.
[6] Zimmer, W., Rangesh, A., Trivedi, M., 2019. 3D BAT: A Semi-Automatic, Web-based 3D Annotation Toolbox

for Full-Surround, Multi-Modal Data Streams, in: 2019 IEEE Intelligent Vehicles Symposium (IV). 2019 IEEE
Intelligent Vehicles Symposium (IV), Paris, France. IEEE, pp. 1816–1821.

[7] Sager, C., Zschech, P., Kühl, N., 2021. labelCloud: A Lightweight Domain-Independent Labeling Tool for 3D
Object Detection in Point Clouds, in: CAD’21 Conference.

[8] Arief, H.A., Arief, M., Zhang, G., Liu, Z., Bhat, M., Indahl, U.G., Tveite, H., Zhao, D., 2020. SAnE: Smart
Annotation and Evaluation Tools for Point Cloud Data. IEEE Access 8, 131848–131858.

[9] Marion, P., Florence, P.R., Manuelli, L., Tedrake, R., 2018. Label Fusion: A Pipeline for Generating Ground Truth
Labels for Real RGBD Data of Cluttered Scenes, in: 2018 IEEE ICRA. 2018 IEEE International Conference on
Robotics and Automation (ICRA), Brisbane, QLD. IEEE, pp. 3235–3242.

[10] Ramirez, P.Z., Paternesi, C., Luigi, L. de, Lella, L., Gregorio, D. de, Di Stefano, L., 2020. Shooting Labels: 3D
Semantic Labeling by Virtual Reality, in: 2020 IEEE AIVR. 2020 IEEE International Conference on Artificial
Intelligence and Virtual Reality (AIVR), Utrecht, Netherlands. IEEE, pp. 99–106.

[11] Blank, A., Baier, L., Kedilioglu, O., Zhu, X., Metzner, M., Franke, J., 2021. Efficient AI Adaption using Synthetic
Data. wt Werkstattstechnik online 111 (10), 759–762.

[12] Sankaranarayanan, S., Balaji, Y., Jain, A., Lim, S.N., Chellappa, R., 2018. Learning from Synthetic Data:
Addressing Domain Shift for Semantic Segmentation, in: 2018 IEEE CVPR. 2018 IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR), Salt Lake City, UT, USA. IEEE, pp. 3752–3761.

[13] Budd, S., Robinson, E., 2019. A Survey on Active Learning and Human-in-the-Loop for Medical Image Analysis.
[14] Maadi, M., Aickelin, U., 2021. A Review on Human-AI Interaction in Machine Learning and Insights for Medical

Applications. International journal of environmental research and public health 18 (4).
[15] Yu, F., Seff, A., Zhang, Y., Song, S., Funkhouser, T., Xiao, J., 2015. LSUN: Construction of a Large-scale Image

Dataset using Deep Learning with Humans in the Loop.
[16] Blank, A., Kosar, E., Karlidag, E., Guo, Q., Kohn, S., Sommer, O., Walter, J., Herbert, M., Sessner, J., Querfurth,

F., Metzner, M., Franke, J., 2021. Hybrid Environment Reconstruction Improving User Experience and Workload
in Augmented Virtuality Teleoperation. Procedia Manufacturing 55, 40–47.

[17] Kohn, S., Blank, A., Puljiz, D., Hein, B., Franke, J., 2018. Towards a Real-Time Environment Reconstruction for
VR-Based Teleoperation Through Model Segmentation, in: 2018 IEEE/RSJ IROS, Madrid, pp. 1–9.

[18] Blank, A., Karlidag, E., Zikeli, L., Metzner, M., Franke, J., 2021. Adaptive Motion Control Middleware for
Teleoperation Based on Pose Tracking and Trajectory Planning, in: , Annals of Scientific Society for Assembly,
Handling and Robotics, vol. 55. Springer, Berlin, Heidelberg, pp. 153–164.

[19] Heuss, L., Blank, A., Dengler, S., Zikeli, G.L., Reinhart, G., Franke, J., 2019. Modular Robot Software Framework
for the Intelligent and Flexible Composition of Its Skills, in: , Advances in Production Management Systems, vol.
566. Springer International Publishing, Cham, pp. 248–256.

[20] Redmon, J., Farhadi, A., 2018. YOLOv3: An Incremental Improvement. Computing Research Repository (CoRR).
[21] Qi, C.R., Liu, W., Su, H., Guibas, L.J., 2018. Frustum PointNets for 3D Object Detection from RGB-D Data,

in: 2018 IEEE/CVF CVPR, Salt Lake City, USA, pp. 918–927.
[22] Hinterstoisser, S., Lepetit, V., Ilic, S., Holzer, S., Bradski, G., Konolige, K., Navab, N., 2013. Model Based

Training, Detection and Pose Estimation of Texture-Less 3D Objects in Heavily Cluttered Scenes, in: , Computer
Vision – ACCV 2012, vol. 7724. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 548–562.

[23] Hodaň, T., Matas, J., Obdržálek, Š., 2016. On Evaluation of 6D Object Pose Estimation, in: Computer Vision ‐
ECCV 2016 Workshops. Springer International Publishing, Cham, pp. 606–619.

837



Biography 

Andreas Blank has been a research associate at the Institute for Factory Automation 
and Production Systems (FAPS) and head of the Industrial and Service Robotics 
technology field (2014-2021). As PhD student his research is focused on immersive 
teleoperation, autonomous robot capabilities and human-to-robot skill transfer. He is 
Production Manager at BIG within Simba-Dickie-Group since 2021 leading factory 
automation and lean production integration. 

Lukas Baier has been a research associate at the Technische Hochschule Ingolstadt 
(THI) and head of the Production Control and Intralogistics technology field at FAPS 
(2016-2021). As PhD student at FAPS his research is focused on sensor technologies 
and data processing for label-free goods identification in intralogistics. He is Senior 
Expert Operational Excellence at SIEMENS since 2021. 

Maximilian Zwingel is a research associate at the Institute for Factory Automation 
and Production Systems at the FAU Erlangen-Nuremberg with prior research at the 
THI since 2018. His research is focussed on autonomous mobile robots in 
intralogistics environments, especially their sensors and navigation. 

Prof. Dr.-Ing. Jörg Franke is Head of the Institute for Factory Automation and 
Production Systems (FAPS) at the FAU. His research focusses on innovative 
manufacturing processes for mechatronic products. He is involved in leading 
functions in scientific organisations such as IEEE, CIRP, WGP and 3D-MID. Before 
his professorship, he led different management positions in industry e. g. at McKinsey 
& Co., Robert Bosch GmbH, ZF Lenksysteme GmbH and Schaeffler AG. 

This is a picture 

This is a picture 

This is a picture 

This is a picture 

838


	01 paper_370_2
	02 paper_382_1
	03 paper_385_2
	04 paper_338_2
	05 paper_319_1
	06 paper_317_1
	07 paper_374_2
	08 paper_344
	09 paper_320_1
	10 paper_369_1
	11 paper_339_2
	12 paper_328_2
	13 paper_360_1
	14 paper_368_1
	15 paper_333_1
	16 paper_348_2
	17 paper_386_3
	18 paper_326_1
	19 paper_351_3
	20 paper_376_3
	21 paper_384_2
	22 paper_341_2
	23 paper_375_1
	24 paper_400_2
	25 paper_395_1
	26 paper_364_1
	27 paper_318_1
	28 paper_383_2
	29 paper_399_3
	30 paper_332_1
	31 paper_361_1
	32 paper_342_2
	33 paper_314_1
	34 paper_398_2
	References
	.

	35 paper_403_2
	36 paper_350_2
	37 paper_357_2
	38 paper_380_1
	39 paper_334_3
	References

	40 paper_352_1
	41 paper_294_1
	42 paper_315_1
	43 paper_393_1
	44 paper_335_1
	45 paper_324_1
	46 paper_340_2
	47 paper_390_2
	48 paper_394_1
	49 paper_356_1
	50 paper_372_2
	51 paper_389_1
	52 paper_336_2
	53 paper_327_1
	54 paper_381_2
	55 paper_367_1
	56 paper_325_3
	57 paper_377_1
	58 paper_388_1
	59 paper_373_2
	60 paper_353_2
	61 paper_347_1
	62 paper_343_1
	63 paper_365_3
	64 paper_379_2
	65 paper_387_3
	66 paper_355_2
	67 paper_354_1
	68 paper_404_2
	69 paper_349_1
	70 paper_378_1
	71 paper_363_1
	72 paper_346_1
	73 paper_392_1
	74 paper_323_2
	75 paper_371_1
	References

	76 paper_396_3
	77 paper_345_3
	78 paper_359_1
	79 paper_331_1



