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Abstract. Mechatronic System Design involves close examination and further 

development of design methods, design processes, models and tools. The 

current trend in mechatronics involves networked mechatronic systems, or 

cyber physical systems (CPS), which can also be considered as a sub-part of 

Systems of Systems (SoS). Therefore data models for the description of the 

product lifecycle of SoS are necessary on the base of existing meta-models for 

single (mechatronic) systems. The paper shows a meta-model of PLM for the 

design of SoS and discusses the influence of the IT-architecture in supporting 

the PLM interoperability. 
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1   Introduction 

Within the framework of this work the product development process is discussed 

and analyzed from the basis of a mechatronic point of view or Cyber-Physical System 

(CPS) to extend to the overall consideration of the Systems of Systems (SoS) using 

meta-models of PLM for the design of the SoS. An important task in Modelling and 

Simulation of SoS is the consistency of the product model horizontally during all 

phases of the design process  and vertically through all involved sub-systems. 

Mechatronics may be defined as an interdisciplinary field of engineering science 

which aims to mutually integrate and interconnect mechanical engineering, electrical 

engineering / electronics and computer science (also often called information 

technology) in such a manner, that the interactions constitute the basis for the 

designing of successful products, e.g. (Bishop [1], DeSilva [2], VDI-2206 [3]). 

Mechatronics can be considered to be an integrative discipline which utilizes the 

various technologies in order to provide enhanced products, processes and systems. 

Mechatronic systems usually consist of the following elements: it can be 

considered as two elements, one part focuses mainly on the energy flow, the other 

focuses in the information flow. The basic system is often a mechanical, electro-

mechanical, electrical, hydraulic, pneumatic, thermo-dynamical, chemical or 

biological system and contains the realized process. The actuators use the information 



 

 

that is provided to directly act on the basic system or the process which is taking place 

in an appropriate manner. The sensors observe the current properties/state of the basic 

system and the system environment (e.g. temperature). This may be done directly 

through measurement or indirectly via so-called observers. The provided information 

will be used by the control unit. The information is mostly available digitally and 

processes the sensor signals in order to create control variables for the existing 

actuators refers to the given driving parameters.  

Mechatronic design emphasizes the competence integration between engineers 

skilled in specific domains such as mechanics, electronics and software. The 

interactions between product developers from these different disciplines are hindered 

by insufficient understanding between the disciplines and by missing common 

platforms for modeling of complex systems. As many sub-systems are delivered by 

external suppliers, there is a need for both horizontal integration within organizations 

and for vertical integration between the sub-system suppliers and the suppliers of the 

full systems. Therefore Lee [4] defines Cyber-Physical Systems (CPS) as the 

“integrations of computation and physical processes”. Embedded computers and 

networks monitor and control the physical processes, usually with feedback loops 

where physical processes affect computations and vice versa. 

 

 

Fig. 1. Mechatronic Systems and Cyber Physical Systems into a Systems of Systems  

System modeling and evaluation are also important topics of CPS description, for 

which improved tools and knowledge are ever claimed by the engineering profession. 

In many cases, very accurate system modeling is not reasonable to describe a complex 

system, as uncertainties and costs of quite detailed modeling may be so high that the 

drawbacks compared to simpler modeling become significantly overwhelming, so 

system-level models allow a multi-disciplinary engineering approach to be supported. 

CPS System-level models needs specific methods, languages and tools to support 

multi-view modeling to facilitate an interdisciplinary approach. More generally, this 

objective can be realized through multi-agent modeling, based on an engineering 

cloud structure. This also results in the usage of tools supported by Model-Based 

Systems Engineering (MBSE) [5]. CPSs are often dominated by one engineering 



discipline. System-level models have to promote equal treatment of all engineering 

disciplines involved during product development and project execution.  

Fig. 1 presents a structuring model to describe the relations between mechatronic 

systems and CPS (shades of grey). These core elements are all constituted of a HW-

part and a SW-part. The interactions between them can occur in the physical domain 

(e.g. clash between two robots detected thanks to their sensors), represented in 

orange, or in the cyber part (e. g. dialog between these robots thanks to network 

protocols), represented in green. This cyber part is considered as the integration 

network. All these core elements are made up of several modules represented by the 

small white boxes. The mechatronic systems and the CPS located on the border of the 

circle are the parts of the considered Systems of Systems. 

2   Modeling and Simulation of Systems of Systems 

Systems of Systems (also called Systems-of-Systems and SoS) are large-scale 

concurrent and distributed systems that are comprised of complex systems [6]. A 

system is defined by its separation from the environment, which is everything that is 

not involved in the system. The system boundary defines the limit of the system with 

respect to its environment, with which it has interfaces for the exchange of mass, 

energy or information. The system boundary is typically not identical with the 

physical limits of a system or its components. A sub-system is an element of a system. 

The decomposition of a system in its system elements and relations between them and 

with the system environment results in a (dynamical) structure of the system. A 

number of important aspects of, and requirements on, system-level models for 

Systems of Systems Engineering (SoSE) are presented in [6], [7], [8], [9] and are 

shortly summarized below. 

• Rationale for system-level models: There is a lack of models that describe 

structure and behavior of complex technical products in a clear and 

consistent way. The goal of system-level modeling is to represent the overall 

system in a more comprehensible way in order to remedy this unsatisfactory 

situation. System-level models are used to extract the main characteristics 

and relationships of a system with the aim of showing its requirements, 

structure, and behavior and to allow a holistic view of the (overall) system 

under consideration. This is one kind of holistic view enabling a higher level 

understanding of a complex system and the integration of its constituents. 

Another kind of holistic component models are capable of capturing the 

variety of domain specific properties required when integrating such models 

into a multi-domain model for the purpose of multi-objective optimization of 

functional and non-functional system properties. 

• Requirements on system-level models: Due to the increasing complexity of 

modern technical systems, it becomes more and more difficult even for 

trained engineers to master the inherent relationships and dependencies 

between complex sub-systems. System-level models allow the description of 

the most important sub-systems and their relationships and dependencies of 

importance for the overall system. Systems often consist of a base-system 



 

 

which can be extended by optional sub-systems. System-level models should 

support engineers in considering both (a) base system variants and (b) sub-

system options. The basic principle of system-level modeling is to model 

only those aspects which are essential for the overall system or which are 

important across engineering disciplines. However, it is necessary to specify 

principles to decide which relationships and dependencies are to be modeled 

on the system level rather than on the level of the disciplines involved. 

Hence, it is important to ensure consistency in both directions - from system-

level models to discipline specific models and vice versa. 

• Mechatronic systems and CPS sometimes constitute systems-of-systems: 

To understand complex systems, it is convenient or even necessary to 

decompose them into separate sub-systems. Hence, mechatronic systems 

may be understood as part of Systems-of-Systems. The boundaries of the 

involved sub-systems have to be chosen such that the interfaces become 

clear to all engineering disciplines involved. System-level models therefore 

illustrate the dependencies between the sub-systems which themselves may 

consist of solutions from different engineering disciplines, and they provide 

a multi-level view of the overall system under consideration. To model these 

dependencies, the definition of well-defined interfaces between the 

individual systems is very important. Interfaces must support the tracking 

and communication not only of single values but also of more complex data 

types such as characteristic curves and key figures. 

3   State-of-the-art analysis 

As presented in the previous sections, mechatronic systems and Cyber Physical 

Systems (CPS) can be considered as components of Systems-of-Systems. To design 

such components, several information systems are currently used by companies to 

manage their related technical data. For instance, Product Data Management systems 

are generally used to manage hardware (HW) data whereas Software Configuration 

Management (SCM) systems are used to manage software (SW) data. PDM is 

generally considered as one of the most important components in Product Lifecycle 

Management (PLM) implementation. Indeed, PLM is defined as a systematic concept 

for the integrated management of all product- and process-related information through 

the entire lifecycle, from the initial idea to end of life [10]. Focusing on the basic 

functions (version control, concurrent development, configuration selection and 

workspace management), SCM is very similar to PDM, as the Application Lifecycle 

Management (ALM) can be compared to PLM. ALM “has emerged to indicate the 

coordination of activities and the management of artefacts (e.g., requirements, source 

code, test cases) during the software product’s lifecycle” [11]. ALM comes from the 

Configuration Management (CM) domain, which traditionally provides storage, 

versioning and traceability between all artefacts. It provides extra functionalities to 

support communication, reporting, traceability and tool integration, such as 

requirements and defects management, build and test facilities, etc., as illustrated in 

Fig. 2. 



Even if ALM and PLM are converging on a certain number of aspects, challenges 

remain for mechatronic system and CPS design data management. For instance, 

having a common bill of materials combining all HW and SW components, defining a 

common data model managing the entire system at each design phase etc. are still 

issues. Back to SoS level, the different components, i.e. mechatronic systems or CPS, 

have to be designed in order to be able to interoperate. This implies some constraints 

at the data management level, e. g. in term of interoperability. The next paragraph 

describes the different architectures and techniques that could be used in order to 

make this data management system interoperable.  

 

Fig. 2. Main elements of Application Lifecycle Management [11] 

To be able to design SoS, the different Information Systems (PDMs and SCMs) 

supporting the design of the mechatronics and CPS must be interoperable to exchange 

and share information concerning HW and SW about the different components of the 

SoS. PDMs and SCMs must be able to communicate, cooperate and exchange 

services and data, thus despite the differences in languages, implementations, 

executive environments and abstraction models as defined by Wegner [12]. In several 

EU projects as ATHENA and INTEROP NoE and according to EIF [13], 

interoperability requires three different levels. The first one is the technical level to 

ensure the continuity of information flow through tools. The second one is the 

semantic level to ensure the understanding of information by the different systems. 

The third one is the organizational level to ensure the compatibility of the processes 

used by those systems. 

Interoperability between PLM systems is a well-known issue and is addressed by 

several works at the three levels:  

• Technical level: The two main strategies are mediator [14] and SAO [15]. In 

mediator strategy all the information go through a unique gate before being 

distributed. It is an efficient architecture in terms of agility of IS and total 

cost of ownership of interfaces [14]. SOA lies on web services that enable 

the exchange of information regardless of the environment in which the 

system is executed. SOA is also wildly used to solve technical 

interoperability [15]. 

• Semantic level: Lots of works are based on an integration approach using 

one common format for all models, especially using STEP ISO 10303 [16]. 



 

 

Unified approaches are based on one common meta-model for all models. 

They are also well exploited, using for example the NIST Core Product 

Model [17] or a Product Process Organization meta-model [18]. But 

nowadays, the more used approach is the federation with the use of 

ontologies like OntoPDM [19], PROMISE [20] or OntoSTEP-NC [21]. 

• Organizational level: organizational level consists of defining objective, 

coherence and coordination of processes. It is less treated by PLM scientific 

literature because it is associated to human problems [22].  

SCM interoperability is very few (or not) treated in scientific literature, but the 

same concepts remain applicable. At present, there is no real solution to solve SCM-

PDM interoperability issues [23]. 

4   Proposed Meta-Model of SoS and Interoperability in SoS 

Engineering 

This section shows a meta-model for describing the structure of a SoS and the relation 

to the involved information object, which are the base for covering the PLM-process. 

Designing the principal structure of a SoS is vital and has to be done early in the 

engineering process. In this context it is necessary to have a clear understanding of 

elements of the design and of their relations, which are described in the meta-model 

(Figure 3).  

The focus of this description is to capture the overall structure of the SoS, without 

considering different views necessary for the different application. The elements of 

the meta-model are 

• Systems of Systems: is a set of systems (e.g. autonomous systems and their 

inter-connections) with independence integrating together to lead to a greater 

capability that fulfills the demand of the task. 

• System: This is a kind of a basic element that reflects the SoS to be 

designed. While objects have to be engineered, systems allow logically 

grouping objects. Systems are elements of reuse on a more coarse level. 

Interfaces of systems have to be carefully designed in order to facilitate 

reuse. 

• System Information Object: System information objects can explicitly be 

modeled and are used to design which information is stored about systems or 

subsystems. 

• Mechatronic/CPS Object: Element of the System that is to be engineered. 

Typically, these objects can be decomposed into mechatronic modules. 

Mechatronic/CPS Objects are candidate elements for reuse and therefore 

should always be designed with reuse in mind. 

• Mechatronic/CPS Information Object: Mechatronic information objects 

can explicitly be modeled and are used to design how information about 

physical mechatronic objects is stored. When dealing with the structure of a 

mechatronic system it has to be defined here for which physical mechatronic 

objects (and possibly their sub-elements) distinct mechatronic information 

objects should be provided. Ideally it can also be captured which essential 



information has to be provided (e.g. CAD, FE-calculations) without going 

into details of data modeling or data storage structures. 

• Mechatronic Module: Element of a mechatronic system that is supposed to 

be provided by suppliers and therefore is not developed in-house. In many 

cases it will depend on the specific context, whether an element of a 

mechatronic system is considered to be a mechatronic object or a 

mechatronic module. A mechatronic module can be of different granularity – 

it might be a simple nozzle but can also be the entire power train. While 

mechatronic/CPS objects have to be engineered, mechatronic modules are to 

be provided by suppliers. The identification of mechatronic modules is 

crucial for the overall design. As already mentioned above, mechatronic 

modules are not to be engineered by the organization but are elements that 

have to be provided by suppliers. It is therefore a strategic decision which 

parts of a mechatronic objects are engineered by the organization and which 

parts are provided by suppliers. The decoupling of mechatronic information 

objects from physical information objects allows structuring the information 

about physical mechatronic objects in different ways. Depending on the 

information needs and possibly on the importance of the physical 

mechatronic objects, different strategies can be used. By default, each 

physical mechatronic object has exactly one mechatronic information object; 

for sub-hierarchies of physical mechatronic objects one mechatronic 

information object might be sufficient for the entire sub-tree of physical 

mechatronic objects. 

Usually, the whole system is in the form of a cross-discipline model. The problem 

is that the different disciplines, different modeling approaches and models or model 

descriptions use their integration still leaves something to be desired. The challenge is 

that the knowledge of the entire system does not equal the sum of knowledge from the 

corresponding disciplines. System design and evaluation are important topics for 

which improved tools and knowledge are ever claimed by the engineering profession. 

A system may be defined as an assembly of sub-systems, hardware and software 

components, and people designed to perform a set of tasks to satisfy specified 

functional requirements and constraints. On the lowest level, Modules contains 

discipline-specific Components, who are either user-defined or standardized parts of 

mechatronic modules: User-defined (parametric) Components comprise at least one 

feature with continuous variables (e.g., position and size). For instance, they can be 

used to create 3D models and manufacturing drawings. The Design Parameters thus 

specify the user-defined components and the range of allowed values. Standardized 

Components are described by Configuration Parameters regarding the allowed 

configuration options, which can for instance be defined in a variability model [24]. 

Amongst the variety of information available to the designer during the 

engineering process it is necessary to handle this information content in the PLM 

model. One important point in this context is that the information content expands or 

more generally changes depending on the engineering phase. In the planning phase 

we basically have the customer need and a list of requirements, quite often with 

uncertain information. In the detailed design the product properties will define all 

detail on a level of high granularity. The process of integration, enrichment, changes 

or deletions of related information can have multiple levels of detailing and several 



 

 

iteration loops. The refinement of a domain model is the concretization and 

enrichment of information within the domain model. This engineering process is 

influenced by engineering activities of the design engineers using different knowledge 

bases.  

 

 
 

Fig. 3. Meta-model 

 

There are different ways for the consideration of information enrichment during 

the engineering process: 1.) The existing domain model includes the specific 

characteristics, which are described on a low level of detailing (low number of 

artefacts, parameters). In the next design phases the domain model blows up (high 

number of artefacts, parameters). 2.) Additional aspects will be added during the 

design phase. 3.) Interaction between the model elements will be added.  

Figure 4 shows a first solution concept for the integration of the several 

PLM/ALM-instances. To ensure the interoperability between the different PLM-ALM 

software, a Unified approach is considered in this work. Indeed, based on the 

proposed meta-model, all PDM and SCM instances can be linked to the same meta-

model. Then a PDM item and a SCM item representing one mechatronic system could 

be link to the same mechatronics component object. The HW information contained 

in the PDM and the SW information from the SCM could be both linked to the 

mechatronics component information object offering complete information on 

HW/SW of each component of the SoS. The interoperability issues are mainly 



addresses at the semantic level. The validation of the proposed model with an 

industrial case study will be realized in a next step after the description of all 

interfaces. 

 

Fig. 4. PLM/ALM instances coordination and interoperability to support SoS design 

5   Conclusions and Future Work 

This paper discusses the support of Modelling and Simulation Tasks for SoS with the 

consistency of product model from Components, Mechatronics System, CPS and SoS 

and the Interoperability PLM/ALM for SoS. The main problems are described and 

first solution concepts are presented. Nevertheless there is a lot of work to prepare a 

PLM-Model for SoS and also to analyze the influence for the IT-architecture. 
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