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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Conventional production systems are evolving through cyber-physical systems and application-oriented approaches of AI, more 
and more into "smart" production systems, which are characterized among other things by a high level of communication and 
integration of the individual components.  The exchange of information between the systems is usually only oriented towards the 
data content, where semantics is usually only implicitly considered. The adaptability required by external and internal influences 
requires the integration of new or the redesign of existing components. Through an open application-oriented ontology the 
information and communication exchange are extended by explicit semantic information. This enables a better integration of new 
and an easier reconfiguration of existing components. The developed ontology, the derived application and use of the semantic 
information will be evaluated by means of a practical use case. 
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1. Introduction 

The advancing fourth industrial revolution leads to an 
evolution of classical production systems through cyber-
physical systems (CPS) to interconnected systems, which are 
connected via the Internet of Things (IoT) [1]. Application-
oriented solutions using artificial intelligence (AI) enable the 
evolution of cyber-physical production systems (CPPS) into 
smart production systems [2]. The resulting spanned network 
of cyber-physical components requires a high degree of 
communication for the interconnective interaction among each 
other to exchange information within the system. Thus, the 
construction of the information network involves an exchange 
of data, which usually focuses on the content of the factual data. 
In this process, the semantics of the exchanged data is usually 
only implicitly considered. However, the system's data's 
semantics plays an essential role since the extended 
requirements, such as mutability and flexibility within 

production, make a basic semantic understanding within the 
involved components necessary [3]. The interoperability [4-6] 
is of particular importance because, on the one hand, existing 
components can be extended. On the other hand, new 
components have to be integrated dynamically into the overall 
system. 

In this work, an application-oriented ontology architecture 
for a CPPS is developed. For this purpose, first, a methodology 
is presented by which the existing system components, 
particularly the cyber-physical system, are extended by the 
semantic information. Based on this additional semantic 
component, the extended communication below the different 
elements of the CPPS (purely immaterial components and 
hybrid components, e.g. CPS) is enabled. 

Based on this structure, dynamic and intelligent sequence 
controls can be implemented in addition to integration and 
reconfiguration [7]. 
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2. Literature review 

This section describes the general use of ontologies and the 
use of semantic models and information in the context of smart 
production systems. 

2.1. Use of ontologies 

There are comprehensive approaches to the use of 
ontologies in the production engineering environment. A good 
overview can be found in Usman et al. [8] 
 
In principle, it is possible to distinguish between the  

- the meta-oriented, 
- the general-oriented, 
- the domain-specific and 
- the task-oriented  

approaches. 
 
Meta-oriented approaches take the approach of modeling the 
structure of semantics on a higher level. For example, Cabral 
[9] presents an ontology for modeling business processes. 
Meta-oriented approaches are only suitable for the application 
field to a limited extent since the relatively high abstraction 
level does not support a simple usage for the intended use cases 
well. 
The general-oriented ontology approaches attempt to 
formulate a comprehensive ontology the application domain. 
For example, Lemaignan et al. [10] provide MASON, a 
relatively comprehensive ontology for the manufacturing 
domain. Other examples of comprehensive ontologies are the 
MOSES ontology [11], CIMOSA ontology , and the FDM 
ontology [12]. However, the breadth of the approach in general 
ontology approaches is contrasted by the closed nature of the 
approaches, as well as the low extensibility in some cases. 
The domain-oriented approaches are characterized by a 
limitation to a specific application area. This containment 
refers either to a particular application domain (functional-
vertical) or to a specific application level (functional-
horizontal). For example, the FLEXINET ontology [13] 
supports global production networks and the ARO ontology 
[14] supports the assembly domain. An ontology related to a 
specific application layer is, for example, the Automation I4.0 
ontology [15], which describes the semantic model within 
communication networks, such as OPC UA. Domain-oriented 
approaches are usually characterized by the depth in the 
application field. This depth may be too extensive for the 
application in the real environment if necessary. Furthermore, 
due to the specific character of the ontology, the connectivity 
to other ontologies is challenging to realize since semantic 
mappings may have been made differently (content and 
structure). 

With the task-oriented ontologies, defined tasks are placed 
in the center of the consideration. For example, in the approach 
of  Svetashova et al. [16], the ontology forms the basis for 
machine learning, in this case, limited to the technology of 
welding. In Cao et.al. [17], states within the manufacturing 
process are queried and monitored based on the ontology.  One 
possible use is the definition of a structural application domain, 
such as the description of the production resource's capability, 

which Järvenpää et. al. [18] perform with the MaRCO 
ontology. 

2.2. Use of semantic models and information 

Every ontology needs semantic information and models as 
a basis to apply to data. To be able to use the ontology 
uniformly, a formalization is necessary. The Web Ontology 
Language (OWL) [19] s often used as a formal description 
language. 
Ontologies are used in the application context either as analysis 
or as decision-making tools. For example, semantic 
information is extracted from augmented sensor data [3, 20, 
21]. In this context, the saving of semantic data can be a 
particular problem, especially when data volume is high [21]. 
An architecture for the extension and consideration of semantic 
information, models, and ontologies can be found in Cho [22]. 
The integration and use of semantic information are shown 
over various levels of Industry 4.0 components. 
In addition to the data-oriented analysis use, ontology also 
becomes for decision making or decision support. Here, fewer 
transaction data, but rather a structure and property data are 
relevant. Thus, using the approach of Järvenpää et. al. [18], 
manufacturing resources with the corresponding capability can 
be determined. 

2.3. Use of semantic models and information 

For the use of ontologies in CPSs and CPPSs, on the one 
hand, a large variety of relevant ontologies are only redundant 
to a limited extent, and, on the other hand, the special nature of 
their use becomes apparent. To maintain or strengthen the 
autonomy of CPSs, they should be able to access ontologies 
consistently. Thereby, the semantic information is 
implemented on the CPS, and an access possibility to semantic 
information of other CPSs has to be enabled. Due to the 
different use cases, a single comprehensive ontology does not 
seem to be sufficient. Thus, access to multiple ontologies 
available to a hybrid (e.g., CPS) or purely virtual information 
systems (classical IT systems or, e.g., digital twins) must be 
enabled. In Figure 1 the ontology-based approach in 
comparison to pure data or information driven approaches is 
shown. 

2.4. Need for ontologies in smart production systems 

Smart production systems are increasingly characterized by 
a decentralized network structure that enables them to react 
flexibly to changes from inside and outside [23]. For coupling 
the smart production system units, knowledge structures are 
needed in addition to pure data and information exchange to 
draw the appropriate conclusions. Ontologies enable effective 
knowledge representation [24], which supports the analysis of 
the application field, the actual representation as well as the 
sharing through open interfaces. The benefits of the approach 
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exceed the disadvantages of the increased effort and the need 
for a (uniform) definition compared to the pure data or 
information-oriented approaches significantly [25, 26]. 

3. Methodology of ontology development and usage for 
CPPS 

The development of an ontology is classically done 
according to Sure et. al. [27] in the following steps:  

1.) Feasibility study 
2.) Kick-Off 
3.) Refinement 
4.) Evaluation  
5.) Application & Evolution  

It is usually assumed that the ontology is developed from 
scratch-up.  
Since there are already existing ontologies in the application 
field, as described above, which are to be used and the CPS are 
also already available, the following modified approach is 
recommended, divided into the domain-oriented and IT-
technical area. 
 

Table 1: Approach 

Process-Tasks Information-Technology 

1.) Identify and analyze Use Cases 1.) Setting standards  
(Language, Communication) 

2.) Scan existing Ontologies 2.) Build an Ontology-
Repository 

3.) Choose, create, or adopt an 
Ontology 

3.) Implementing CPS specific 
semantic information 

4.) Evaluate Ontology 

 

3.1. Specialist implementation steps 

Identify and analyze use cases 
 

To use semantic information, the first step is to analyze and 
identify the relevant business processes. The use of semantic 

information always makes sense when either the data or the 
decision structure exceeds a certain complexity. These can be 
assignment or selection problems as well as extended analysis 
questions. 
 

Scan existing ontologies 
 

Concerning the selected problem, it is checked whether there 
are already existing ontologies in the application domain. For 
CPS, the ontology has to be chosen according to the 
technologies realized in the CPS. Here, not necessarily a 
complete technology has to be adopted in breadth, but only the 
technology area that is covered by the CPS. In addition to 
hybrid systems, task-oriented ontologies are usually used for 
purely virtual systems. These are generally also restricted to a 
specific task area according to the purpose of the system 
components. 
 

Choose, create, or adopt an ontology 
 

If no corresponding ontology can be found, an own ontology 
must be created. The ontology structure is again based on the 
amount of information and the decision logic of the considered 
system. For the creation of the ontology, the approach of Sure 
et. al. [27] can be fallen back. 

3.2. IT implementation steps 

Setting standards 
 

The standards to be used should be determined before the 
ontologies are formed and selected. Primarily, the description 
language in which the ontology is to be defined should be 
chosen. Due to the extensive use of OWL (see 2.2) in the 
production-oriented ontologies, this language should usually be 
the first choice. If existing ontologies are found during 
scanning (see 3.1.2), which are to be used, it should be ensured 

Fig. 1: Ontology based approach vs data/information-driven approach 
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that these ontologies can be described in the selected language. 
The query language for retrieving the semantic information 
should also be specified in addition to the description language. 
A prominent representative here is the query language 
SPARQL (a recursive acronym for SPARQL Protocol and 
RDF Query Language) [28]. Suppose "intelligent" rule-based 
decision logic is planned within the overall system or in 
subsystems. In that case, the language can additionally be 
specified with which new knowledge can be deductively 
derived from existing knowledge and logical rules. Based on 
OWL, the Semantic Web Rule Language (SWRL) [29] offers 
the best option. 

 
Ontology repository 
 

The entirety of the ontologies must be made available for use 
by the individual elements of the CPPS. For this purpose, an 
ontology repository is built where the separate ontologies' 
formal definition is available. This repository can also store the 
semantic information of the individual system elements (as 
instantiated OWL classes). In this case, the ontology repository 
can be used as a "Semantic Digital Twin" used in a centralized 
structure. The respective standards defined above must be 
provided in the ontology repository. 
As an alternative to centralized use, the respective semantic 
information can also be provided in a decentralized manner on 
the individual system components. In this case, the CPSs have 
a higher degree of autonomy, but this is countered by more 
significant implementation effort. 

 
Implementation of CPS-specific semantic information 
 

After the standard has been defined and the ontology repository 
has been made available, the semantic information is 
implemented on the individual system components, 
particularly the CPS. This provides the CPSs with a semantic 
layer utilizing which information can be made available to 
others in an extended scope. Also, the CPSs can access other 
elements in the CPPS and obtain semantic information from 
them or, in the extended case, deductively derived knowledge. 
Since there is no restriction to a specific ontology, task-specific 
semantic information can be used in a high breadth. This 

further strengthens the autonomy and extensibility of the CPSs. 

3.3. Evaluation 

After implementing the ontology and the semantic access 
layer on the individual system components, the overall system 
should be evaluated. The evaluation should include the 
examination of test cases for the validation of the existing 
processes and the examination for extensibility of the 
ontologies and robustness. Due to the system structure's open 
nature, increased dynamics compared to closed systems are to 
be expected. In particular, extended requirements for the CPPS, 
such as flexibility or mutability, require high-quality 
communication based on semantic information [30]. 

4.  Application within the use case 

The use case and the application of the Semantic Layer 
within the use cases are presented below. The use case can be 
applied and executed within the framework of Werk150. 

4.1. Initial Situation 

The next order to be produced within a street scooter 
manufacturing plant is determined using a scheduling system. 
The order determined in this way is forwarded to the first work 
step stored in the work plan. The following work step 
sequences apply to the scenario: 

1. picking for assembly 
2. assembly of the order 
3. packing 

Fig. 2. “Reutlingen Smart-Production-System Ontology” created for use case 
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Each of these work steps is performed on one workstation. 
Each of the workstations can process a maximum of one job. 
The workstations exist as CPSs that can send and receive 
information via the IoT. 
A scheduling node receives a new job in this scenario. Based 
on the current processing step in the routing context, the order 
is scheduled to the station in the routing. 

4.2. Use case 

The system built this way is not flexible in enforcement. To 
achieve dynamic enforcement within manufacturing, the 
scheduling node must know which possible CPSs are available 
for the next/active processing step. For this purpose, the 
requirements for the machining step must be made known. 

4.3. Technologies used and selection of the ontology 

Once the use case has been analyzed, the next step is to 
define the standards. In this scenario, the IoT framework used 
is the basis for the communication between the CPS and the 
virtual (software) components. Protege [31] is used as a tool to 
describe the ontology. The tool can be used to create and edit 
ontologies and check queries for SPARQL. As a result, the 
ontology can be exported to OWL. For the scenario, an 
ontology for describing a smart production system is created. 
Figure 1 shows an excerpt of the used ontology. 
For the classes used, the requirements were defined as 
ObjectProperty and the data fields as DataProperty. The 
properties defined in this way can be queried in the individuals 
and assigned values. Thus the following requirement for the 
processing step can be formulated as a condition: Determine an 
active resource via the next operation, which has the ability to 
perform the process and is available. 
The ontology created in this way will then be exported as OWL 
in the format RDF/XML and made available. In addition, the 
MaRCO ontology [18] will be used to determine the 
capabilities of manufacturing resources. 

4.4. Introduction ontology repository 

To make the ontology available, an ontology repository is 
introduced in the Virtual Layer. This repository contains the 

available ontologies. The scheduling node, as well as the CPS, 
connect to the repository through the IoT framework. The 
nodes can query semantic information related to the associated 
ontology by connecting the nodes to the ontology repository. 
The repository must also create, read, update, and delete 
methods for individuals in the ontology. 

4.5. Introduction of the semantic layer 

Based on the processing step's requirements, the scheduling 
node matches the assignment to the appropriate CPS. By 
introducing the semantic layer on the physical layer, semantic 
information is added to the CPS. For this purpose, the 
following information is created in the CPS: 

1. associated ontology 
2. class of ontology 
3. call CRUD methods for individual 

This information enables the mapping of individuals, which 
can be queried regarding their requirements. The semantic 
layer also provides the ability to query the ontology repository. 
In this way, the scheduling node can query the CPS via the 
semantic layer. 

4.6. Dynamic determination of next CPS 

With the available information, it is now possible for the 
scheduling node to send a request to the ontology repository. 
For a processing step, the scheduling node can send the 
ontology repository a request to determine all suitable CPSs for 
the processing step. The determined set of CPSs are valid and 
can be selected by the scheduling node as the processing step's 
target. The processing step is sent to the CPS via the IoT. In 
this way, a dynamic, request-dependent assignment is achieved 
utilizing semantic information. The semantic information goes 
beyond the possible alternatives within a structured work plan. 

5. Summary and outlook 

In the article, the decentralized ontology-based approach to 
support CPPS was presented. In contrast to previous 
approaches, which usually focus on one specific ontology, 
which is usually only available on one system component, the 
proposed approach shows how multiple ontologies can be used 
simultaneously. Furthermore, the semantic information is not 
exclusively provided centrally, but decentrally on the 
individual system components such as CPSs. 
Based on this approach, both individual CPSs and the overall 
CPPS system can now be made smarter and more open, 
supporting decentralized coordination and flexible 
configurability as key Industry 4.0 features [32]. 

References 

1. Mosler, A., Integrierte Unternehmensplanung. 2016: 
Springer. 

2. Zhang, Y., et al., A framework for smart production-
logistics systems based on CPS and industrial IoT. IEEE 
Transactions on Industrial Informatics, 2018. 14(9): p. 

Fig. 3.Sample SPARQL Query to determine active resources 



 Günter Bitsch  et al. / Procedia CIRP 104 (2021) 582–587 587
6 Günter Bitsch, Pascal Senjic/ Procedia CIRP 00 (2021) 000–000 

4019-4032. 
3. Hildebrandt, C., et al. Semantic modeling for collaboration 

and cooperation of systems in the production domain. in 
2017 22nd IEEE International Conference on Emerging 
Technologies and Factory Automation (ETFA). 2017. IEEE. 

4. Kühnle, H. and G. Bitsch, Foundations & Principles of 
Distributed Manufacturing. Elements of Manufacturing 
Networks, Cyber-Physical Production Systems and Smart 
Automation. Springer Series in Advanced Manufacturing. 
2015, Cham: Springer. 

5. Palmer, C., et al., Interoperable manufacturing knowledge 
systems. International Journal of Production Research, 
2017. 56(8): p. 2733-2752. 

6. Chungoora, N., et al., A model-driven ontology approach for 
manufacturing system interoperability and knowledge 
sharing. Computers in Industry, 2013. 64(4): p. 392-401. 

7. Alsafi, Y. and V. Vyatkin, Ontology-based reconfiguration 
agent for intelligent mechatronic systems in flexible 
manufacturing. Robotics and Computer-Integrated 
Manufacturing, 2010. 26(4): p. 381-391. 

8. Usman, Z., et al., Towards a formal manufacturing 
reference ontology. International Journal of Production 
Research, 2013. 51(22): p. 6553-6572. 

9. Cabral, L., B. Norton, and J. Domingue. The business 
process modelling ontology. in Proceedings of the 4th 
international workshop on semantic business process 
management. 2009. 

10. Lemaignan, S., et al., MASON: A Proposal For An 
Ontology Of Manufacturing Domain, in IEEE Workshop on 
Distributed Intelligent Systems: Collective Intelligence and 
Its Applications (DIS'06). 2006. p. 195-200. 

11. Molina, A. and R. Bell, A manufacturing model 
representation of a flexible manufacturing facility. 
Proceedings of the Institution of Mechanical Engineers, Part 
B: Journal of Engineering Manufacture, 1999. 213(3): p. 
225-246. 

12. Harding, J.A. and B. Yu, Information-centred 
enterprise design supported by a factory data model and 
data warehousing. Computers in Industry, 1999. 40(1): p. 
23-36. 

13. Palmer, C., et al., Reference ontologies to support the 
development of global production network systems. 
Computers in Industry, 2016. 77: p. 48-60. 

14. Imran, M., Towards an Assembly Reference Ontology 
for Assembly Knowledge Sharing. 2013, Loughborough 
University. 

15. Gil, S. and G.D. Zapata-Madrigal. Semantic 
Automation Systems, a Suitable Approach for Automation 
Networks in the Industry 4.0. in IEEE 4th Colombian 
Conference on Automatic Control (CCAC). 2019. IEEE. 

16. Svetashova, Y., et al., Ontology-Enhanced Machine 
Learning: A Bosch Use Case of Welding Quality 
Monitoring, in The Semantic Web – ISWC 2020. 2020. p. 

531-550. 
17. Cao, Q., et al., Smart Condition Monitoring for 

Industry 4.0 Manufacturing Processes: An Ontology-Based 
Approach. Cybernetics and Systems, 2019. 50(2): p. 82-96. 

18. Järvenpää, E., et al., The development of an ontology 
for describing the capabilities of manufacturing resources. 
Journal of Intelligent Manufacturing, 2019. 30(2): p. 959-
978. 

19. Yu, L., OWL: Web Ontology Language, in A 
Developer’s Guide to the Semantic Web. 2011, Springer 
Berlin Heidelberg: Berlin, Heidelberg. p. 155-239. 

20. Huang, V. and M.K. Javed. Semantic sensor 
information description and processing. in 2008 Second 
International Conference on Sensor Technologies and 
Applications (sensorcomm 2008). 2008. IEEE. 

21. Jirkovský, V. and M. Obitko. Enabling Semantics 
within Industry 4.0. 2017. Cham: Springer International 
Publishing. 

22. Cho, S., G. May, and D. Kiritsis. A semantic-driven 
approach for industry 4.0. in 15th International Conference 
on Distributed Computing in Sensor Systems (DCOSS). 
2019. IEEE. 

23. Mabkhot, M., et al., Requirements of the Smart 
Factory System: A Survey and Perspective. Machines, 2018. 
6(2). 

24. Paull, L., et al. Towards an Ontology for Autonomous 
Robots. in 2012 IEEE/RSJ International Conference on 
Intelligent Robots and Systems. 2012. 

25. Martinez-Cruz, C., I.J. Blanco, and M.A. Vila, 
Ontologies versus relational databases: are they so 
different? A comparison. Artificial Intelligence Review, 
2012. 38(4): p. 271-290. 

26. Leshcheva, I. and D. Leshchev, Ontology as mapping 
of material world. SHS Web of Conferences, 2018. 44. 

27. Sure, Y., S. Staab, and R. Studer, Ontology 
engineering methodology, in Handbook on ontologies. 
2009, Springer. p. 135-152. 

28. Zou, L., SPARQL, in Encyclopedia of Database 
Systems, L. Liu and M.T. Özsu, Editors. 2018, Springer New 
York: New York, NY. p. 3554-3558. 

29. Horrocks, I., et al., SWRL: A semantic web rule 
language combining OWL and RuleML. W3C Member 
submission, 2004. 21(79): p. 1-31. 

30. Monostori, L., et al., Cyber-physical systems in 
manufacturing. CIRP Annals, 2016. 65(2): p. 621-641. 

31. Musen, M.A. and T. Protégé, The Protégé Project: A 
Look Back and a Look Forward. AI matters, 2015. 1(4): p. 
4-12. 

32. Bauernhansl, T., M. ten Hompel, and B. Vogel-
Heuser, eds. Industrie 4.0 in Produktion, Automatisierung 
und Logistik. 2014, Springer Fachmedien Wiesbaden: 
Wiesbaden.

 


