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full system specification. It follows the Model-Based System
Engineering concepts and utilizes the Systems Modeling Language (SysML) as an interdisciplinary specification instrument,
allowing formal, single-model specification of the whole system. 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 subsystems 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 developed framework for integrated modeling of PSS is theoretically introduced. Section four shows the application of the
framework in a case study from a publicly funded research project. 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 together to deliver value to the customer rather than just functionalities [3]. PSS shift the risks, responsibilities and cost associated with the ownership of traditional products away from the
customer and – in the same time – allow manufacturers to improve competitiveness through increased value extraction from
their products due to retained ownership enhancing utilization,
reliability, design, and protection [4]. Many authors see product-service systems as an embracement of sustainability owing
to the possibly reduced overall resource consumption and environmental impacts, which result from better utilization, maintenance, 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 traditional engineering methods from the product development to
the service sector. Earlier marketing-driven and customer-integration focused approaches for development and design of services are know from the USA. [15,16] Au fond, service engineering can be defined as the systematic development and design of services using suitable models, methods and tools as
well the management of the service development process, aiming at intensifying, improving and automating the whole process of service development, design and realization [15,17,18].
In the mid-2000s as Service Engineering was already established 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 considerable 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], Integrated Life Cycle [7,27], Functional Hierarchy Modeling [28]
PSS Multi-Views Modeling [29], Extended Functional Analysis [29], IPS² Metadata Model [31] as well as combinations of

existing modeling approaches [30,33] were proposed by different 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 specification of systems consisting of interdependent products and services.
A promising paradigm to support the integrated development of PSS is the Model-Based Systems Engineering (MBSE).
With its roots in the North-American aerospace and defense industries, Systems Engineering – the predecessor of MBSE, so
to say – is a general-purpose approach to provide system solutions to technologically challenging and project-critical problems [10]. Nowadays, Systems Engineering is being applied in
industrial and public sectors, where solutions to complex problems are to be worked out or complex systems are to be developed. Some examples are found in the automotive, healthcare,
logistics and material handling, resource and infrastructure
management branches [11]. For many years, a model-based approach has been standard practice in mechanical, electrical, and
software engineering. The same model-based approach is becoming 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 validation of the system under development – in the early conceptual phase but also continuing throughout the development and
later life cycle phases [10,12]. As a result, enhanced specification and design quality, reuse of system specifications and design artifacts, and communication within interdisciplinary design teams is achieved. [10]

Fig.1. V-model for multi-disciplinary PSS development (after [16,32])

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 development, i.e. mechanic, electric/electronic, software. MBSE methods 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 wellsupported way. Thereby, the design of services can be integrated 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
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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 development by all stakeholder, clear definition of responsibilities
within the extended value-creation network, and also new possibilities in early behavior simulation, validation and verification 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 stakeholders 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, crossmodel 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, design, 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 expressed 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 modeling 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 fidelity. 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, redundancy-free system specification. [14,22] Methodical approaches of the MBSE field available today vary in their specification target, abstraction level of specification, and coverage
of the system development process.
The modeling framework proposed hereafter targets especially 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 specification of complex, cybertronic systems and is integrated in
the process model for Model-based Virtual Product Engineer-
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ing (MVPE) (see fig. 1) [21]. The development of the framework follows the CASE research cycle (clarification – analysis
– synthesis – evaluation) [19] and is still ongoing. The following 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 levels. 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-

Fig. 2. General structure of the integrated PSS modeling framework

neering design work. The framework is developed from the beginning with the SysML in mind, which allows for formal, coherent and inter-traceable specification of both product and service parts in a single, integrated model.
3.2. PSS context level
As a first step in the development of the PSS, business requirements are collected and documented in the systems model.
This takes place in the requirement space. Out of those requirements, the goal and aimed functionality of the product-service
system is identified and described through the definition of service-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 separated from its environment by the system border. Following,
the envisioned basic architecture of the PSS along with the extended 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 abstraction level are further detailed by means of activities. Alternatives for provision of functionalities of the PSS are considered and decisions, whether they are to be realized by products
or services or combination of both, are being made and docu-
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mented through the allocation of activities to the product or service subsystems. In the verification space, test cases specifying
how the fulfilment of the requirements respectively the implementation 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 specified on the previous level are broken down to operations allocated to the logical elements of the system that will perform
them during operation. These logical units might be components 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 specifying how the proper functioning of the infrastructure is to be
assessed are defined in the verification space at this level.

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

3.5. Physical level
At the physical level, the maximum concretization of the service subsystem within the PSS is achieved. Here, the operational 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 necessary 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 governmentally 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. Realtime 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

Fig. 3. Requirements diagram of the business requirement “Analysis of fault
reason” displaying associated system requirements and use case (excerpt).

As described in the previous section, at the beginning of the
PSS development process stakeholder requirements are collected per usual systems engineering practices. Those requirements 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
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property is performed. The bundling is done by means of stereotyped, traceable associations, e.g. «derive», «refine». It is important to note, that diagrams are views on parts of the model
from a certain perspective and do not depict the full set of properties 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 performed through the definition of service units to be implemented 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.
Fig. 6. Activity specification of the service unit ‘Fault localization’

fied, as exemplarily shown in fig. 6 for the unit ‘Fault localization’. 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 diagrams, the interface between actors and IT components are indirectly 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.

Fig. 5: Basic structure of the PSS in its context

In a next step, the basic architecture of the PSS as well as its
context in terms of the extended value-creation network and external 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 subsystem is regarded as a black box of which only the interfaces to
service units through the supporting IT infrastructure or personnel 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 infrastructure 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 respectively the service subsystem. The extended value-creation
network, especially the actors actively participating in the service 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 representations of actors and system components so that the responsibilities within the service unit can be unambiguously speci-

Fig. 7. Internal structure of the supporting IT 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 processes 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 consumer systems and the new business models made possible by
connectivity and increased capabilities in data processing now-
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adays call for new design methodologies, which not only integrate the development processes of the three classical disciplines – 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 engineering design in generals, is transition from the documentbased way of working practiced today to such that utilizes formal, 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 Kaiserslautern 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.
Acknowledgement
The authors of the paper acknowledge the German Federal
Ministry of Education and Research (BMBF) for funding and
the Project Management Agency Karlsruhe (PTKA) for managing the research project InnoServPro (funding number:
02K14A001).

References
[1] Tischner U, Vezzoli C. Product-Service Systems; Tools and Cases. In:
Diehl C, Crul M, Ryan C (Edts.). Design for Sustainability (D4S): A StepBy-Step Approach; Modules. UNEP; 2009.
[2] Mert G, Herder, CF, Menck N, Aurich, JC. Innovative Services for
Customized, Availability-oriented Business Models for the Capital Goods
Industry. Procedia CIRP 2016;47:501-506.
[3] Roy R, Baxter D. Product-service systems. Journal of Engineering Design
2009;20(4).
[4] Baines TS, Lightfoot HW, Evans S et al. State-of-the-art in product-service
systems. In: Proceedings of the Institution of Mechanical Engineers, Part
B: Journal of Manufacturing Engineering 2007;221(10):1543-1552.
[5] Mont OK. Clarifying the concept of product–service system. Journal of
Cleaner Production 2002;10:237-245.
[6] Müller P, Kebir N, Stark R. Blessing L. PSS Layer Method – Application
to Microenergy Systems. In: Sakao T, Lindahl M, editors. Introduction to
Product/Service-System Design. London: Springer; 2009. p. 4-5.
[7] Aurich JC, Fuchs C, Wagenknecht C. Life cycle oriented design of
technical Product-Service Systems. Journal of Cleaner Production
2006;14:1480-1494.
[8] Sassanelli C, Pezzotta G, Rossi M, Terzi S. Cavalieric, S.: Towards a Lean
Product Service Systems (PSS) Design: state of the art, opportunities and
challenges. Procedia CIRP 2015;30:191-196.
[9] Maussang N, Zwolinski P, Brissaud D. Product-service system design
methodology: from the PSS architecture design to the products
specifications. Journal of Engineering Design 2009;20(4):349-366.
[10] Friedenthal S, Moore A, Steiner R. A Practial Guide to SysML – The
Systems Modeling Language. London: Morgan Kaufmann Pub; 2009.
[11] BKCASE Editorial Board. The Guide to the Systems Engineering Body
of Knowledge (SE-BoK), v. 1.7. R.D. Adcock (EIC). New Jersey: The
Trustees of the Stevens Institute of Technology; 2016.
[12] Eigner M, Dickopf T, Apostolov H, Schäfer P et al. System Lifecycle
Management: Initial Approach for a Sustainable Product Development
Process Based on Methods of Model Based Systems Engineering. In:

Fukuda S, Bernard A, editors. Product Lifecycle Management for a Global
Market – Proceedings of the 11th IFIP WG 5.1 International Conference,
Yokohama, Japan; 2014. p. 287-300.
[13] Eigner M, Dickopf T, Apostolov H. System Lifecycle Management – An
Approach for Developing Cybertronic Systems in Consideration of
Sustainability Aspects. Procedia CIRP 2017;61:128-133.
[14] Delligatti L. SysML Distilled: A Brief Guide to System Modeling
Language. 1st ed. New Jersey: Addison-Wesley Professional; 2014.
[15] Aurich JC, Mannweiler C, Schweitzer E. How to design and offer services
successfully. Journal of Manufacturing Science and Technology
2010;2(3):136-143.
[16] Bullinger H-J, Schreiner P. Service Engineering: Ein Rahmenkonzept für
die systematische Entwicklung von Dienstleistungen. In: Bullinger H-J,
Scheer, A-W, editors. Serv Eng. Berlin: Springer; 2006. p. 53-84.
[17] Faehnrich K-P, Opitz M. Service Engineering: Entwicklungspfad und
Bild einer jungen Disziplin. In: Bullinger H-J, Scheer A-W, editors. Serv
Eng. Berlin: Springer; 2006. p. 85-112.
[18] Arai T, Shimomura Y. Service CAD System to Support Servicification of
Manufactures. In: Takata S, Umeda Y, edts. Advances in Life Cycle
Engineering for Sustainable Manufacturing Businesses. Springer; 2007. p.
143-148.
[19] Müller P. Integrated Engineering of Products and Services – Layer-based
Development Methodology for Product-Service Systems. Berlin:
Fraunhofer Verlag; 2014.
[20] Dreyer S, Olivotti D, Lebek B, Breitner MH. Towards a Smart Services
Enabling Information Architecture for Installed Base Management in
Manufacturing. In: Leimeister JM. Brenner W, editors. Proceedings of the
13th International Conference on Wirtschaftsinformatik. St. Gallen,
Switzerland, February 12-15; 2017. p. 31-45.
[21] Eigner M, Dickopf T, Apostolov, H. A Holistic Methodology for the
Design of Cybertronic Systems in the Context of Engineering 4.0.
International Design Conference – DESIGN 2018. Dubrovnic – Croatia,
May 21-24, 2018 (submitted December 2017).
[22] Estefan J. Survey of Model-Based Systems Engineering (MBSE)
Methodologies. INCOSE MBSE Initiative. (accessed 22.10.2017 at
http://www.omgsysml.org/MBSE_Methodology_Survey_RevB.pdf)
[23] Sakao T, Shimomura Y. Service engineering: a novel engineering
discipline for producers to increase value combining service and product,
Journal of Cleaner Production, (2007); 15(6), p.590–604.
[24] Annarelli A, Battistella C, Nonino F. Product service system: A
conceptual framework from a systematic review. Journal of Cleaner
Production 139 (2016) 1011–1032
[25] Hara T, Arai T, Shimomura Y, Sakao T. Service CAD system to integrate
product and human activity for total value. CIRP Journal of Manufacturing
Science and Technology, (2009); 1(4), p.262–271.
[26] Geum Y, Park Y. Designing the sustainable producteservice integration:
a producte-service blueprint approach. Journal of Cleaner Production,
(2011);19(14), p.1601-1614.
[27] Yang L, Xing K, Lee SH. Framework for PSS from service perspective.
Proceedings of the International MultiConference of Engineers and
Computer Scientists, (2010); IMECS, p. 1656–1661.
[28] Van Ostaeyen J, Van Horenbeek A, Pintelon L, Duflou J R. A refined
typology of product-service systems based on functional hierarchy
modelling. Journal of Cleaner Production 51, (2013); p.261 – 276
[29] Trevisan L, Brissaud D. Engineering models to support product–service
system integrated design. CIRP Journal of Manufacturing Science and
Technology (2016); 15, p.3–18
[30] Andriankaja H., Boucher X., Medini K., A Method to Design Integrated
Product-Service Systems based on the Extended Functional Analysis
Approach, Submitted to CIRP Journal of Manufacturing Science and
Technology
[31] Abramovici M, Neobach M, Schulze M, Spura C, Metadata Reference
Model for IPS2 Lifecycle Management. Proceedings of the 1st CIRP
Industrial Product-Service Systems (IPS2) Conference, Cranfield
University, (2009); p. 268–772.
[32] Idrissi N., Boucher X., Medini K., Generic conceptual model to support
PSS design processes, submitted to 9th CIRP IPSS Conference on Circular
perspectives on PSS, Denmark, Copenhagen, 19-21 June 2017
[33] Trevisan, L., Brissaud, D., Engineering models to support product-service
system integrated design, CIRP Journal of Manufacturing Science and
Technology (2016)

