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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. 
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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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1. Introduction 

In recent years, focus has shifted from owning technical 

products that deliver certain functionality towards the availabil-

ity of the material or non-material value they provide to the cli-

ent, both in the industrial and private sectors. This change in the 

market makes manufacturers rethink their business models and 

consider alternative ways to sustain profitability. Typical prod-

uct-centric enterprises have started experimenting with differ-

ent business models, mostly by offering services which extend 

their products’ functionalities or provide additional value. Fur-

ther, the ownership of the product was reconsidered – moving 

away from the customer – allowing for far more sophisticated 

offerings [1]. Products are, thereby, not in the center of enter-

prises’ business models anymore, rather is the whole system, 

arising from the seamless integration of complex, cyber-capa-

ble products with different service units. The technical elabora-

tion of such business models are product-service systems (PSS) 

or industrial products-service systems (IPSS). They mostly in-

tegrate multiple stakeholders apart from the customer and the 

manufacturer, forming partnerships with certain responsibili-

ties and thereby creating so-called extended value-creation net-

works [2].  

The development and integration of products and services 

into product-service systems adds further complexity to the de-

velopment process with new aspects to be considered, such as 

broader partnership networks, state-aware service logic with 

executional responsibilities, data management, and supporting 

IT infrastructure. Regardless of whether the product-service 

system under development is based on already existing or 

newly developed products, an integrated development approach 

is necessary from the very beginning in order to ensure the 

success of the project, maximize value extraction and sustain in 

the long term. 

This contribution presents a model-based approach for sup-

port of the integrated development of product-service systems 

in the early design phases – from stakeholder requirements to 
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full system specification. It follows the Model-Based System 

Engineering concepts and utilizes the Systems Modeling Lan-

guage (SysML) as an interdisciplinary specification instrument, 

allowing formal, single-model specification of the whole sys-

tem. The single, managed model serves as a single source of 

truth in the PSS development process allowing for seamless 

traceability cross-linking between product and service subsys-

tems and advanced 1D simulations. 

 The paper is structured as follows: In the second section, the 

research background and gap is given. In section three, the de-

veloped framework for integrated modeling of PSS is theoreti-

cally introduced. Section four shows the application of the 

framework in a case study from a publicly funded research pro-

ject. Section five concludes the paper and points out areas for 

further research and development. 

2. Product-service systems design – background and gap 

Product-service systems are bundles consisting of technical 

products or systems and additional service units integrated to-

gether to deliver value to the customer rather than just function-

alities [3]. PSS shift the risks, responsibilities and cost associ-

ated with the ownership of traditional products away from the 

customer and – in the same time – allow manufacturers to im-

prove competitiveness through increased value extraction from 

their products due to retained ownership enhancing utilization, 

reliability, design, and protection [4]. Many authors see prod-

uct-service systems as an embracement of sustainability owing 

to the possibly reduced overall resource consumption and envi-

ronmental impacts, which result from better utilization, mainte-

nance, and adaptation to changing needs and market conditions 

compared to traditional offerings [3–9], and thereby, a way for 

a shift to a more sustainable economy. 

Services, as part of PSS, are activities with economic value 

performed for others [8]. Typical characteristics of services are 

their immateriality, the inseparability of the service production 

from the service consumption and their perishability [15]. With 

the increasing need to deliver services of constant high quality 

and ensure high availability, service engineering emerged in the 

mid-1990s in Germany as an approach aiming at adapting tra-

ditional engineering methods from the product development to 

the service sector. Earlier marketing-driven and customer-inte-

gration focused approaches for development and design of ser-

vices are know from the USA. [15,16] Au fond, service engi-

neering can be defined as the systematic development and de-

sign of services using suitable models, methods and tools as 

well the management of the service development process, aim-

ing at intensifying, improving and automating the whole pro-

cess of service development, design and realization [15,17,18]. 

In the mid-2000s as Service Engineering was already estab-

lished as an engineering discipline, further aspects such as the 

integration of services with products started to be considered 

[23]. At this time, product-service systems began gaining con-

siderable attention [24] and multiple design approaches and 

methods for integrated development of PSS such as Extended 

Product Service Blueprint [25,26], PSS Layer Method [19], In-

tegrated Life Cycle [7,27], Functional Hierarchy Modeling [28] 

PSS Multi-Views Modeling [29], Extended Functional Analy-

sis [29], IPS² Metadata Model [31] as well as combinations of 

existing modeling approaches [30,33] were proposed by differ-

ent authors [32]. Despite an increased interest in research, 

widely accepted and industrially practiced approaches to the 

PSS design are still missing. A possible reason for that can be 

found in the lack of practical methods with adequate IT-tool 

support for the early, multi-disciplinary design and specifica-

tion of systems consisting of interdependent products and ser-

vices. 

A promising paradigm to support the integrated develop-

ment of PSS is the Model-Based Systems Engineering (MBSE). 

With its roots in the North-American aerospace and defense in-

dustries, Systems Engineering – the predecessor of MBSE, so 

to say – is a general-purpose approach to provide system solu-

tions to technologically challenging and project-critical prob-

lems [10]. Nowadays, Systems Engineering is being applied in 

industrial and public sectors, where solutions to complex prob-

lems are to be worked out or complex systems are to be devel-

oped. Some examples are found in the automotive, healthcare, 

logistics and material handling, resource and infrastructure 

management branches [11]. For many years, a model-based ap-

proach has been standard practice in mechanical, electrical, and 

software engineering. The same model-based approach is be-

coming prevalent in systems engineering as well. [10] MBSE is 

a interdisciplinary engineering paradigm propagating the use of 

formal models instead of documents to support requirements 

generation, analysis, specification, design, verification and val-

idation of the system under development – in the early concep-

tual phase but also continuing throughout the development and 

later life cycle phases [10,12]. As a result, enhanced specifica-

tion and design quality, reuse of system specifications and de-

sign artifacts, and communication within interdisciplinary de-

sign teams is achieved. [10]  

The output of the systems engineering activities utilizing the 

model-based approach is a consistent system model [10], which 

serves as a starting point for the discipline-specific develop-

ment, i.e. mechanic, electric/electronic, software. MBSE meth-

ods can be very well applied to the design of product-service 

systems. Furthermore, supported by formal languages such as 

the SysML, MBSE can be practiced in an efficient and well-

supported way. Thereby, the design of services can be inte-

grated in the early system development as suggested by Eigner 

et al. (fig.1) [12,21] 

In order to facilitate this, a newly developed modeling 

framework for specification of product-service system with 

Fig.1. V-model for multi-disciplinary PSS development (after [16,32]) 
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special focus on the service aspect of the system is presented in 

the following section. The inclusion of the service aspect into 

the interdisciplinary, model-based engineering of systems 

would allow for an integrated specification of product-service 

systems, better understanding of the overall-system under de-

velopment by all stakeholder, clear definition of responsibilities 

within the extended value-creation network, and also new pos-

sibilities in early behavior simulation, validation and verifica-

tion of the PSS design. 

3. Modeling framework for integrated PSS design  

In this section, a framework for the integrated design of 

product-service systems is proposed. It is based on a single 

model, which facilitates the specification of the whole PSS and 

supports decision making in the design process. This integrated 

system model of the PSS is a formal, computer-interpretable 

specification of interdisciplinary knowledge about the system 

under development and a record of decisions made in the early 

design stage. It is also the object based on which the stakehold-

ers in the extended value-creation network can find a common 

ground to exchange ideas and synchronize their knowledge 

about the system. The system model is expressed in a modeling 

language, created according to certain methodology using a 

modeling tool and is preferably contained in a model repository 

[10,14], which provides model management capabilities, cross-

model element traceability and integration with other tools 

[12,13].  

SysML was chosen as a modeling language for the presented 

framework. The language supports analysis, specification, de-

sign, verification and validation of various multidisciplinary 

systems. This decision was made because of the universality of 

the language, its suitability for specification of interdisciplinary 

systems and its extendibility through profiling. [10,14] Further 

reasons were the relatively easy understanding of models ex-

pressed in SysML even by non–system-engineers and its wide 

adoption in the model-based systems engineering field. Another 

important factor was the aim to be able to generate an integrated 

model of the overall product-service system, which includes 

both the material product part as well as the immaterial service 

part of the system. 

Along with the language and the tool to perform the model-

ing with, a methodological approach – defining what is to be 

done and how the language and tool are to be used – is needed 

to ensure system models of consistent breath, depth, and fidel-

ity. The modeling methodology defines a specific set of tasks 

and certain techniques, with the help of which these tasks are to 

be performed, in order to create a complete, consistent, redun-

dancy-free system specification. [14,22] Methodical ap-

proaches of the MBSE field available today vary in their speci-

fication target, abstraction level of specification, and coverage 

of the system development process. 

The modeling framework proposed hereafter targets espe-

cially the service and IT infrastructure part of product-service 

systems. It serves as an extension of the Kaiserslautern System 

Concretization Model (KSCM) [21], which deals with the spec-

ification of complex, cybertronic systems and is integrated in 

the process model for Model-based Virtual Product Engineer-

ing (MVPE) (see fig. 1) [21]. The development of the frame-

work follows the CASE research cycle (clarification – analysis 

– synthesis – evaluation) [19] and is still ongoing. The follow-

ing parts of this contribution provide insight in the current state 

of the framework’s synthesis and its initial evaluation through 

a case study. 

3.1. PSS modeling framework 

The PSS specification according to the framework takes 

place on four different abstraction levels (fig. 2): the context, 

functional solution, logical solution, and physical solution lev-

els. Requirement and verification/validation spaces spans over 

all abstraction levels. These contain requirements respectively 

tests cases associated with system elements at all abstraction 

levels. The space between the requirement and validation 

rooms is the solution space, which facilitates the creative engi-

neering design work. The framework is developed from the be-

ginning with the SysML in mind, which allows for formal, co-

herent and inter-traceable specification of both product and ser-

vice parts in a single, integrated model. 

3.2. PSS context level 

As a first step in the development of the PSS, business re-

quirements are collected and documented in the systems model. 

This takes place in the requirement space. Out of those require-

ments, the goal and aimed functionality of the product-service 

system is identified and described through the definition of ser-

vice-relevant use cases, which extend the functionality of the 

physical systems to a product-service system. The context, in 

which the PSS is to be realized, is analysed and the PSS is sep-

arated from its environment by the system border.  Following, 

the envisioned basic architecture of the PSS along with the ex-

tended value-creation network is defined. 

3.3. Functional level 

As a first task at the functional level, system requirements 

defining specific functions to be realized by the PSS are derived 

from the business requirements and documented as part of the 

requirement space. The use cases defined at the previous ab-

straction level are further detailed by means of activities. Alter-

natives for provision of functionalities of the PSS are consid-

ered and decisions, whether they are to be realized by products 

or services or combination of both, are being made and docu-

Fig. 2. General structure of the integrated PSS modeling framework 
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be performed, in order to create a complete, consistent, redun-

dancy-free system specification. [14,22] Methodical ap-

proaches of the MBSE field available today vary in their speci-

fication target, abstraction level of specification, and coverage 

of the system development process. 

The modeling framework proposed hereafter targets espe-

cially the service and IT infrastructure part of product-service 

systems. It serves as an extension of the Kaiserslautern System 

Concretization Model (KSCM) [21], which deals with the spec-

ification of complex, cybertronic systems and is integrated in 

the process model for Model-based Virtual Product Engineer-

ing (MVPE) (see fig. 1) [21]. The development of the frame-

work follows the CASE research cycle (clarification – analysis 

– synthesis – evaluation) [19] and is still ongoing. The follow-

ing parts of this contribution provide insight in the current state 

of the framework’s synthesis and its initial evaluation through 

a case study. 

3.1. PSS modeling framework 

The PSS specification according to the framework takes 

place on four different abstraction levels (fig. 2): the context, 

functional solution, logical solution, and physical solution lev-

els. Requirement and verification/validation spaces spans over 

all abstraction levels. These contain requirements respectively 

tests cases associated with system elements at all abstraction 

levels. The space between the requirement and validation 

rooms is the solution space, which facilitates the creative engi-

neering design work. The framework is developed from the be-

ginning with the SysML in mind, which allows for formal, co-

herent and inter-traceable specification of both product and ser-

vice parts in a single, integrated model. 

3.2. PSS context level 

As a first step in the development of the PSS, business re-

quirements are collected and documented in the systems model. 

This takes place in the requirement space. Out of those require-

ments, the goal and aimed functionality of the product-service 

system is identified and described through the definition of ser-

vice-relevant use cases, which extend the functionality of the 

physical systems to a product-service system. The context, in 

which the PSS is to be realized, is analysed and the PSS is sep-

arated from its environment by the system border.  Following, 

the envisioned basic architecture of the PSS along with the ex-

tended value-creation network is defined. 

3.3. Functional level 

As a first task at the functional level, system requirements 

defining specific functions to be realized by the PSS are derived 

from the business requirements and documented as part of the 

requirement space. The use cases defined at the previous ab-

straction level are further detailed by means of activities. Alter-

natives for provision of functionalities of the PSS are consid-

ered and decisions, whether they are to be realized by products 

or services or combination of both, are being made and docu-

Fig. 2. General structure of the integrated PSS modeling framework 
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mented through the allocation of activities to the product or ser-

vice subsystems. In the verification space, test cases specifying 

how the fulfilment of the requirements respectively the imple-

mentation of the functions is to be tested are defined.  

3.4. Logical level 

At the logical level, the architecture of the product-service 

system is further detailed making decisions about the elements 

to be used to provide the defined functions. The activities spec-

ified on the previous level are broken down to operations allo-

cated to the logical elements of the system that will perform 

them during operation. These logical units might be compo-

nents of the products, supporting IT infrastructure or personnel. 

The object and information flows between those units as well 

as to other (sub-)systems or users outside the PSS are defined 

and their interfaces are specified. The general information 

model to be used within the PSS is developed. Test cases spec-

ifying how the proper functioning of the infrastructure is to be 

assessed are defined in the verification space at this level. 

3.5. Physical level 

At the physical level, the maximum concretization of the ser-

vice subsystem within the PSS is achieved. Here, the opera-

tional procedures of the activities within the service units are 

defined. All resources necessary for fulfillment of the activities 

are specified – material and personnel. The documentation nec-

essary for conduction of the activities by personnel is defined. 

At this level, the decisions about particular software solutions 

to be used in or developed for the supporting IT infrastructure 

are made and their implementation/development begins.  

4. Case study 

In this section, the modeling method of the framework is 

demonstrated based on a case study from a German governmen-

tally funded research project named “InnoServPro”.  

4.1. Scenario of the case study 

The PSS modeling framework is exemplarily applied in a 

use case from Lenze, a company of the German automation 

industry. With focus fields in the automotive, intralogistics and 

packaging industries as well as robotics applications, Lenze 

provides main automation components like motors, gearboxes, 

inverters and controllers. The use case is based on an 

availability-oriented business model, whereby the high 

availability of a production system is to be ensured. Therefore, 

intelligent maintenance policies for the company’s components 

that are essential for the production system’s functioning are to 

be applied. Virtual representation of the components, machines 

supported by asset and base management  are central for 

intelligent maintenance [20]. Special focus is put on smart 

services such as condition monitoring and predictive 

maintenance. Thereby, not only the company’s own 

components are to be regarded, but also their interplay with 

other components within the whole production systems. Real-

time sensor data is combined with lifetime models to provide 

detailed information about the condition of components. This 

condition information needs to be assigned to asset information 

from the company’s Enterprise Resource Planning (ERP) or 

Manufacturing Execution systems (MES). In case of replacing 

components during maintenance activities, all necessary 

information should be available at a central point. Thereby 

downtimes of machines can be reduced significantly. All 

services and workflows should be digital recorded and assigned 

to corresponding components. 

Parts of the PSS modeled along the presented framework are 

shown in the following example. A real prototype including 

typically used components in intralogistics applications as well 

as services will be built within the InnoServPro project to 

demonstrate the integrated PSS.  

4.2. Exemplarily application of the modeling framework 

As described in the previous section, at the beginning of the 

PSS development process stakeholder requirements are col-

lected per usual systems engineering practices. Those require-

ments are documented – stereotyped as business requirements 

– in the SysML model as shown in fig. 3 through a requirement 

diagram. An analysis with the aim to bundle them in accordance 

to their subject or similarities about required functionality or 

Fig. 4. Definition of the PSS goal and service units 

Fig. 3. Requirements diagram of the business requirement “Analysis of fault 

reason” displaying associated system requirements and use case (excerpt). 
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property is performed. The bundling is done by means of stere-

otyped, traceable associations, e.g. «derive», «refine». It is im-

portant to note, that diagrams are views on parts of the model 

from a certain perspective and do not depict the full set of prop-

erties of and dependencies between the elements of the model. 

After a thorough requirement analysis, the goal and context 

of the PSS is clarified and defined, while the PSS itself is still 

considered as a black box. First functional breakdown is per-

formed through the definition of service units to be imple-

mented within PSS. These are modeled as stereotyped use case 

elements included or extending of the base use case – the goal 

of the PSS – as depicted in fig. 4. The use cases are associated 

with actors involved in the particular service units.  

In a next step, the basic architecture of the PSS as well as its 

context in terms of the extended value-creation network and ex-

ternal factors are defined in a SysML block definition diagram.  

Thereby, the product-service system is subdivided into physical 

and service subsystems. In this example, the physical subsys-

tem is regarded as a black box of which only the interfaces to 

service units through the supporting IT infrastructure or person-

nel are defined. In the case of new development of the product 

subsystem, the Kaiserslautern System Concretization Model 

[21] for development of cybertronic/mechatronic systems is 

used. The service subsystem is composed of service units and 

supporting IT infrastructure. In the present case, the IT infra-

structure is a subset of components of a bigger IT platform, 

which can be used to support further PSS. In case of the 

InnoServPro project for example, three product-service systems 

are supported by the same IT platform. In the system model (fig. 

5), this is expressed by composition respectively aggregation 

relations between the IT components and the IT platform re-

spectively the service subsystem. The extended value-creation 

network, especially the actors actively participating in the ser-

vice units, is defined by means of blocks allocated to the actual 

SysML actors known from the use case definition. This is done 

in order to be able to allocate activities to those blocks in the 

further detailing of the service units.  

Further, the mentioned detailing of the service units takes 

place. This is done in activity diagrams with swimlane repre-

sentations of actors and system components so that the respon-

sibilities within the service unit can be unambiguously speci-

fied, as exemplarily shown in fig. 6 for the unit ‘Fault localiza-

tion’. The logical order of the activity execution in the service 

unit as well as the object flows between them are defined. 

With the specification of the object flows in the activity dia-

grams, the interface between actors and IT components are in-

directly defined. These interfaces as well as the objects flowing 

through them – objects of the general information model – are 

now explicitly specified in an internal block diagram. This is 

exemplarily shown in fig. 7 for the supporting infrastructure of 

the service subsystem. 

The tool independent general information model and its 

components – the required information objects and the relations 

between them – are specified by means of a block definition 

diagram. Information objects representing standard product 

data are linked to objects representing service steps and pro-

cesses as well as objects that realise the condition monitoring 

aspects. As a result, sensor data and status information as well 

as specific service processes can be linked to the corresponding 

life time models and assemblies or components itself at any 

level in the hierarchical product structure. 

5. Conclusion and outlook 

The increasing complexity of modern industrial and con-

sumer systems and the new business models made possible by 

connectivity and increased capabilities in data processing now-

Fig. 7. Internal structure of the supporting IT infrastructure of the service sub-

system 

Fig. 6. Activity specification of the service unit ‘Fault localization’ 

Fig. 5: Basic structure of the PSS in its context 
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mented through the allocation of activities to the product or ser-

vice subsystems. In the verification space, test cases specifying 

how the fulfilment of the requirements respectively the imple-

mentation of the functions is to be tested are defined.  

3.4. Logical level 

At the logical level, the architecture of the product-service 

system is further detailed making decisions about the elements 

to be used to provide the defined functions. The activities spec-

ified on the previous level are broken down to operations allo-

cated to the logical elements of the system that will perform 

them during operation. These logical units might be compo-

nents of the products, supporting IT infrastructure or personnel. 

The object and information flows between those units as well 

as to other (sub-)systems or users outside the PSS are defined 

and their interfaces are specified. The general information 

model to be used within the PSS is developed. Test cases spec-

ifying how the proper functioning of the infrastructure is to be 

assessed are defined in the verification space at this level. 

3.5. Physical level 

At the physical level, the maximum concretization of the ser-

vice subsystem within the PSS is achieved. Here, the opera-

tional procedures of the activities within the service units are 

defined. All resources necessary for fulfillment of the activities 

are specified – material and personnel. The documentation nec-

essary for conduction of the activities by personnel is defined. 

At this level, the decisions about particular software solutions 

to be used in or developed for the supporting IT infrastructure 

are made and their implementation/development begins.  

4. Case study 

In this section, the modeling method of the framework is 

demonstrated based on a case study from a German governmen-

tally funded research project named “InnoServPro”.  

4.1. Scenario of the case study 

The PSS modeling framework is exemplarily applied in a 

use case from Lenze, a company of the German automation 

industry. With focus fields in the automotive, intralogistics and 

packaging industries as well as robotics applications, Lenze 

provides main automation components like motors, gearboxes, 

inverters and controllers. The use case is based on an 

availability-oriented business model, whereby the high 

availability of a production system is to be ensured. Therefore, 

intelligent maintenance policies for the company’s components 

that are essential for the production system’s functioning are to 

be applied. Virtual representation of the components, machines 

supported by asset and base management  are central for 

intelligent maintenance [20]. Special focus is put on smart 

services such as condition monitoring and predictive 

maintenance. Thereby, not only the company’s own 

components are to be regarded, but also their interplay with 

other components within the whole production systems. Real-

time sensor data is combined with lifetime models to provide 

detailed information about the condition of components. This 

condition information needs to be assigned to asset information 

from the company’s Enterprise Resource Planning (ERP) or 

Manufacturing Execution systems (MES). In case of replacing 

components during maintenance activities, all necessary 

information should be available at a central point. Thereby 

downtimes of machines can be reduced significantly. All 

services and workflows should be digital recorded and assigned 

to corresponding components. 

Parts of the PSS modeled along the presented framework are 

shown in the following example. A real prototype including 

typically used components in intralogistics applications as well 

as services will be built within the InnoServPro project to 

demonstrate the integrated PSS.  

4.2. Exemplarily application of the modeling framework 

As described in the previous section, at the beginning of the 

PSS development process stakeholder requirements are col-

lected per usual systems engineering practices. Those require-

ments are documented – stereotyped as business requirements 

– in the SysML model as shown in fig. 3 through a requirement 

diagram. An analysis with the aim to bundle them in accordance 

to their subject or similarities about required functionality or 

Fig. 4. Definition of the PSS goal and service units 

Fig. 3. Requirements diagram of the business requirement “Analysis of fault 

reason” displaying associated system requirements and use case (excerpt). 
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property is performed. The bundling is done by means of stere-

otyped, traceable associations, e.g. «derive», «refine». It is im-

portant to note, that diagrams are views on parts of the model 

from a certain perspective and do not depict the full set of prop-

erties of and dependencies between the elements of the model. 

After a thorough requirement analysis, the goal and context 

of the PSS is clarified and defined, while the PSS itself is still 

considered as a black box. First functional breakdown is per-

formed through the definition of service units to be imple-

mented within PSS. These are modeled as stereotyped use case 

elements included or extending of the base use case – the goal 

of the PSS – as depicted in fig. 4. The use cases are associated 

with actors involved in the particular service units.  

In a next step, the basic architecture of the PSS as well as its 

context in terms of the extended value-creation network and ex-

ternal factors are defined in a SysML block definition diagram.  

Thereby, the product-service system is subdivided into physical 

and service subsystems. In this example, the physical subsys-

tem is regarded as a black box of which only the interfaces to 

service units through the supporting IT infrastructure or person-

nel are defined. In the case of new development of the product 

subsystem, the Kaiserslautern System Concretization Model 

[21] for development of cybertronic/mechatronic systems is 

used. The service subsystem is composed of service units and 

supporting IT infrastructure. In the present case, the IT infra-

structure is a subset of components of a bigger IT platform, 

which can be used to support further PSS. In case of the 

InnoServPro project for example, three product-service systems 

are supported by the same IT platform. In the system model (fig. 

5), this is expressed by composition respectively aggregation 

relations between the IT components and the IT platform re-

spectively the service subsystem. The extended value-creation 

network, especially the actors actively participating in the ser-

vice units, is defined by means of blocks allocated to the actual 

SysML actors known from the use case definition. This is done 

in order to be able to allocate activities to those blocks in the 

further detailing of the service units.  

Further, the mentioned detailing of the service units takes 

place. This is done in activity diagrams with swimlane repre-

sentations of actors and system components so that the respon-

sibilities within the service unit can be unambiguously speci-

fied, as exemplarily shown in fig. 6 for the unit ‘Fault localiza-

tion’. The logical order of the activity execution in the service 

unit as well as the object flows between them are defined. 

With the specification of the object flows in the activity dia-

grams, the interface between actors and IT components are in-

directly defined. These interfaces as well as the objects flowing 

through them – objects of the general information model – are 

now explicitly specified in an internal block diagram. This is 

exemplarily shown in fig. 7 for the supporting infrastructure of 

the service subsystem. 

The tool independent general information model and its 

components – the required information objects and the relations 

between them – are specified by means of a block definition 

diagram. Information objects representing standard product 

data are linked to objects representing service steps and pro-

cesses as well as objects that realise the condition monitoring 

aspects. As a result, sensor data and status information as well 

as specific service processes can be linked to the corresponding 

life time models and assemblies or components itself at any 

level in the hierarchical product structure. 

5. Conclusion and outlook 

The increasing complexity of modern industrial and con-

sumer systems and the new business models made possible by 

connectivity and increased capabilities in data processing now-

Fig. 7. Internal structure of the supporting IT infrastructure of the service sub-

system 

Fig. 6. Activity specification of the service unit ‘Fault localization’ 

Fig. 5: Basic structure of the PSS in its context 
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adays call for new design methodologies, which not only inte-

grate the development processes of the three classical disci-

plines – mechanics, electric/electronics and software – but also 

include the service domain in the process. A grand challenge 

nowadays for the early PSS design, but also for the early engi-

neering design in generals, is transition from the document-

based way of working practiced today to such that utilizes for-

mal, computer-interpretable models instead. The presented 

modeling framework provides a basis for an early inclusion of 

the service discipline in the model-based systems engineering 

of PSS. It can be applied by its own or in addition to the Kai-

serslautern System Concretization Model and is integrated in 

the MVPE process model [21]. Future work related to the 

framework includes its further development and documentation 

as well as the provision of a guide for the joint application of it 

and the KSCM within the MVPE process model. 
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