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Abstract

A Product Service System of Systems (PSSoS) is a set of products, services, infrastructure, and a
network where its constituent elements exhibit operational and managerial independence. As such,
a PSSoS shows PSS characteristics of heterogeneity and evolvability and SoS characteristics of
emergence and diversity. Neither existing PSS nor SoS development approaches fully address
these characteristics. Thus, PSSoS development raises new challenges. In this paper, we propose a
PSSoS meta-model that integrates PSS and SoS key concepts, to provide a basis for future PSSoS
development methods.
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1. Introduction

To diversify its sources of value and remain competitive, the manufacturing industry sells services along
with manufactured products, and as such, develops Product Service Systems (PSS). A PSS is a bundle of
products, services, infrastructure, and supporting network (Mont, 2002). Thus, a PSS involves
heterogeneous systems jointly capable of satisfying customer’s needs. To successfully develop such a
system, the manufacturing industry collaborates with other actors and shares the design, development,
management, and operation of PSS constituent systems (Fakhfakh et al., 2019; Hein et al., 2018). For
example, a large automotive company, an energy provider, and an infrastructure manager collaborate
and jointly develop and operate PSSs (EV2G) (Chazal, 2018). This collaborative development of PSSs
shows an increasing complexity of PSSs and a shift to developing Product Service Systems of Systems
(PSS0Ss). A PSSoS is defined by Hein et al. (2018) as a PSS showing characteristics of Systems of
systems (So0Ss), namely operational and managerial independence of the elements, emergent behaviour,
etc (Maier, 1996). Hence, PSS0Ss development raises new design challenges (Fakhfakh et al., 2019).
Systems are heterogeneous and independent. Designing their interfaces, integrating them, and ensuring
their interoperability is challenging. Independent and heterogeneous systems also have independent
lifecycles with different time spans. This makes the design of a PSSoS even more difficult. Besides, the
combination of actor collaboration alternatives, role allocation alternatives, and product, service, and
PSS alternatives increases the difficulty of designing PSSoSs. Therefore, it is important to address these
new challenges by integrating the characteristics of a PSSoS into an appropriate PSSoS design method.
However, PSS and SoS have been studied separately in the literature (Fakhfakh et al., 2019). Studying
both PSS design methods and SoS design methods, Hein et al. (2018) showed that:

e PSS design methods rarely consider the increasing complexity of PSSs. Thus, these methods
do not address the managerial and operational independence of the PSS elements. Also, PSS
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publications mainly focus on the collaboration and the co-creation with the customer during
the operation phase. They do not consider business partnerships in the design of combinations
of products, services, and PSSs.

e So0S design methods deal with highly complex systems. However, the SoS literature rarely
takes into account PSS aspects namely service characteristics and features of heterogeneity.
Moreover, SoS literature focuses on organizational aspects, e.g. actors’ role allocation.

This paper aims to first represent and describe PSSoS. We present a PSSoS conceptual model (i.e. a
PSSoS meta-model). This PSSoS meta-model includes PSS and SoS key design concepts. Thus, the
meta-model presents the data necessary for the description of PSSoSs. It also structures the links and
rules between data elements.

The structure of the paper is as follows. In section 2, we describe the adopted research approach. In
section 3, we review PSS and SoS modelling approaches to extract key concepts for PSSoS
representation. In section 4, we discuss experts’ feedback and illustrate the use of the PSSoS meta-
model. We finally conclude and discuss future research avenues in section 5.

2. Research approach

2.1. Meta-modelling research approach

This paper aims to build a representation of PSSoS key concepts by integrating PSS and SoS key
concepts. Therefore, we propose a PSSoS meta-model that captures these concepts and their
relationships. To build this meta-model, we followed a 3 steps method similar to the one used. The first
step consists in reviewing both PSS and SoS relevant modelling approaches. The second step is an
extraction of PSS and SoS key concepts and the definition of their relationships in the PSSoS meta-
model. The third step is a two-phase validation of the proposed meta-model. The first phase is
confronting the meta-model to modelling experts’ validation. The second phase is the instantiation of the
proposed PSSoS meta-model on industrial case studies.

2.2. Relevant literature selection criteria

Different research steams have been focusing on PSS: Business management, Information system, and
Engineering and Design (Boehm and Thomas, 2013). In this paper, we focus on Engineering and
Design literature as the final objective is to propose a PSSoS design method. We search for PSS
modelling approaches to extract the key concepts for PSS representation. We select papers presenting:

o Functional and structural PSS models: these models present the purpose of a PSS and describe
the PSS elements able to achieve this purpose. As such, these models present the integration
and the interaction between PSS elements (i.e. products, services, infrastructure, and network).

e PSS lifecycle models: These models show how to integrate independent product and service
lifecycles. These models can also include a definition of the stakeholders throughout the PSS
lifecycle.

e PSS design process models: These models exhibit the design process steps from defining the
purpose of the PSS to defining its constituent elements. These models may also define the
stakeholders taking part in the design of a PSS.

SoSs are a subject of interest in the Systems Engineering (SE) and the Enterprise Systems Engineering
(ESE) domains. We select papers discussing:

e SoS architecting: these publications describe SoS constituent systems relationships.
e S0S management: These publications discuss the relationships between the SoS stakeholders.

2.3. Qualitative interviews

As part of the validation process, we conducted semi-structured interviews. The interviews were
structured in 4 steps: a presentation of the meta-model and then discussions around 3 criteria 1) the
ability of the meta-model to be understandable, 2) its coherence/ consistency with the industrial reality,
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and 3) its ability to represent industrial case studies. So far, 9 experts have been interviewed (Table 1).
Most interviewees (7 out of 9) are involved in the development a mobility PSS (SoS), e.g. EV2G,
connected and increasingly autonomous vehicles, etc. Based on experts’ feedback, the meta-model
concepts relationships have been refined. As such, the meta-model research approach is iterative.

Table 1. Interviewed experts

Role Industrial Sector
Systems Model based Systems Project Business Automotive Other
Engineering systems Architect manager manager industry industrial
Expert engineering sectors
expert
4 2 1 1 1 7 3

3. Reviewing PSS and SoS modelling approaches

3.1. PSS modelling approaches

Several PSS representation models have been proposed to support PSS development and design, PSS
lifecycle management, or more specifically PSS configuration and modularization.

PSS representation models systematically define the concepts of product and service. In Miller et al.
(2009), products and services are core elements of a PSS. A product is defined as a technical artefact
or a mechatronic system. A service is a process or a result. Hajimohammadi et al. (2017) present a
PSS semantic object model where they refer to the service portfolio and product portfolio. Medini and
Boucher (2019) propose an extensive generic model for PSS engineering. This model includes among
others a product view and a service view where the authors distinguish core products and peripheric
products. They also define service types, e.g. service for PSS operating. When a PSS representation
model is used in a PSS configuration method or a PSS modularization method, the authors decompose
products and services into product components and service components or modules (Fargnoli et al.,
2018; Haber et al., 2018; Song et al., 2015; Song and Chan, 2015). In Welp et al. (2008), the authors
rather distinguish Industrial PSS (IPS2) objects and IPS2 processes. Products and human resources are
included in IPS2 objects. Service activities are included in IPS2 processes.

The purpose of the PSS is also represented in PSS modelling approaches. Schenkl et al. (2014) define a
PSS layer model. The goal layer is the closest to the customer and consists of three pillars 1) PSS-
specific goals, 2) Quality goals, and 3) strategic goals. Medini and Boucher (2019) define the PSS
requirements view, PSS performance view, PSS demand view, and PSS offer view. The PSS
requirements view includes the value of the PSS, the requirement of the end user and, the function of the
PSS. The PSS performance view defines the performance dimensions and performance indicators of a
PSS. The PSS demand and PSS offer view include respectively the demand of a customer and the PSS
contract that will fulfil the customer’s need. Muller et al. (2009) include needs and values in the
customer view of the PSS development method they propose. Most authors focus on the PSS function
(Hajimohammadi et al., 2017; Hara et al., 2009; Kim et al., 2011; Li et al., 2012; Sakao et al., 2009),
etc. or PSS capability (Hussain et al., 2012). In (Kim et al., 2011; Welp et al., 2008), the PSS (or IPS2)
function is realized by the interaction between product elements and service elements. In
(Hajimohammadi et al., 2017; Li et al., 2012; Medini and Boucher, 2019), authors decompose PSS
function and define functions realized by the product and functions realized by the service. In other
publications, the service is considered as carrying the function and the product aspect is considered only
as a resource used to satisfy PSS function (Curiazzi et al., 2016; Pezzotta et al., 2014, 2015, 2016).

PSS representation models also take into consideration PSS stakeholders. Correia et al. (Correia et al.,
2017) propose a PSS ontology. The proposed PSS ontology aims at improving the communication/
collaboration among the stakeholders involved in the PSS design. As such, it includes different PSS
stakeholders: product provider, service provider, PSS provider, business customer, customer, and
consumer. Mdller et al. (2009) consider stakeholders (providers, suppliers, customers, etc.), and
contracts (Long-term commitment regulating risks, responsibilities, payment, costs, etc. business
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model description) as core elements of a PSS. Medini and Boucher (2019) consider organizational
actors, their collaborations, their roles in the value network, and the activities they perform to
provision an offer. Maleki et al. (2018) propose a PSS lifecycle model and a PSS business process
model. In these models, the authors define the stakeholders taking part in the PSS development
(customer, business partner, etc.) and their roles (service provision, service support, etc.). Tran and
Park (2014) focus on the PSS design process and define the stakeholder’s involvement at each design
phase of the PSS. The main stakeholders considered are users and suppliers. Therefore, the PSS
literature considers different stakeholders taking part in the development and operation of a PSS.
However, looking at the proposed PSS lifecycles (Hepperle et al., 2010; Nguyen et al., 2014) and PSS
design processes (Lim et al., 2012; Tran and Park, 2016), we notice that product and service lifecycles
and design processes are often integrated (parallel). Thus, the possible managerial and operational
independence of products and services is not taken into consideration.

3.2. SoS modelling approaches

Several researchers have been interested in the definition and characterization of SoSs. Maier (1996)
defines a SoS as “a class of systems which are built from components which are large scale systems
in their own right.” The author also defines five characteristics enabling to distinguish a SoS from a
complex system: operational independence of the elements, managerial independence of the
elements, evolutionary development, emergent behaviour, and geographic distribution. Keating and
Katina (2011) add interoperability, complementarity, and holism to SoS characteristics. In (Luo,
2017), the author characterises SoS innovation by expansionism, synthesis, and complementarity.
According to the author, SoS innovation expands the thinking beyond the boundaries of independent
systems and synthetises these systems to generate a total new functionality. This synthesis is
feasible because independent systems show innate complementarity (Luo, 2017). We retain from the
literature (Keating and Katina, 2011; Kotov, 1997; Luo, 2017; Maier, 1996) that a SoS is a synthesis
of independent systems working together towards a common goal and producing an emergent
behaviour that cannot be traced to a single system. As such, a SoS is not possible without an
efficient communication and interaction among the SoS constituent systems and a collaboration
between different SoS stakeholders (Maier, 1996). Therefore, significant research exists on 1) SoS
architecting, i.e. defining SoS configuration/ reconfiguration and describing the relationships (or
collaboration (DiMario et al., 2009)) between SoS constituent systems (Chattopadhyay et al., 2009;
Dagli et al., 2013), and 2) SoS management, i.e. describing SoS stakeholders’ relationships,
characterizing cross-enterprise organization to support systems interoperability, and studying
organization’s business strategy (Carlock and Fenton, 2001).

Kinder et al. (2012) propose a framework intended to capture the dynamic nature of a SoS. The
proposed framework defines a SoS through nine dimensions includes both SoS architecting and SoS
management key concepts. The authors first consider the SoS constituent systems “Component
Systems”. Then, the authors introduce the classification, interaction, nature of the relationship, lifecycle,
variability, and function dimensions. The classification dimension defines the type of the SoS whether it
is directed, collaborative, virtual, or acknowledged SoS. These SoS types have been described based on
the relationships among component systems (Dahmann and Baldwin, 2008; Maier, 1996). The
interaction dimension details the interaction medium and the nature of the interaction between
component systems, e.g. information exchange. The nature of the relationship dimension defines the
category of the relationship between component systems, e.g. hierarchical or distributed control. The
lifecycle dimension includes the SoS lifecycle and the component systems’ timelines. The variability
dimension considers the frequency of change of the SoS. The function dimension includes the functions
performed by the SoS and its component systems. According to the authors, the aggregated effect of the
functions gives the emergent behaviour of the SoS that fulfils the SoS purpose. Pertaining to the SoS
management concepts, Kinder et al. (2012) consider the “systems owners and operations” dimension
and concept of “operation/ use/ employment” dimension. These dimensions seem to relate to
organisations, management, and enterprise (multi-organisational) relationships.

More specifically, Dagli et al. (2013) focus on SoS architecting and analysis. The authors propose a
modelling framework for acknowledged SoSs. This modelling framework is based on the concept of
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the new capability to be achieved by the SoS. According to the authors, SoS capabilities are achieved
by combining existing System capabilities and/or adding new capabilities that arise in conjunction
with other Systems through systems interfaces. Other SoS research (Chattopadhyay et al., 2009;
Gomes et al., 2015) also considers the notion of capability. For example, Gomes et al. (2015) define a
capability as “A capability the ability of a system to provide a given functionality by performing a set
of tasks” and point out the importance of capabilities in discovering and composing constituent
systems within a SoS. In (Dagli et al., 2013), the authors evaluate the evolving SoS architecture
capability with respect to four attributes: performance, affordability, flexibility, and robustness.
Chattopadhyay et al. (2009) compare SoS alternative analysing their abilities to achieve desired levels
of attribute metrics. The SoS attributes and levels of attributes (e.g. levels of performance) usually
express the SoS stakeholders or decision-makers’ needs (Chattopadhyay et al., 2009) and values (e.g.
the value the stakeholders assign to a performance) (Ricci et al., 2014).

Enterprise SoS Engineering (Carlock and Fenton, 2001) and SoS management studies (Gorod et al.,
2008; Sauser et al., 2009; Zhu and Mostafavi, 2014) are those that focus of SoS stakeholders or
enterprises values and goals. Similarly to component systems, SoS stakeholders or enterprises have
managerial and operational independence but together develop and operate the SoS (Rhodes et al.,
2009). Mansouri et al. (2009) propose a SoS management framework for maritime transportation
SoSs. The authors consider the development and operation of such a system and describe the
activities performed by SoS stakeholders with regards to SoS component systems (e.g. ship
manufacturing, ship maintenance, ship operation, and ship disposal). Other research (Elshenawy et
al., 2018; Kilicay-Ergin et al., 2012) focuses on the operational collaborations between SoS
stakeholders (and systems).

4. A PSSoS meta-model

4.1. PSSoS meta-model introduction

From previously discussed literature, we identify PSS and SoS key concepts.

A PSS is defined by its constituent elements: products, services, infrastructure, and resources (Mont,
2002). A PSS is also defined by its purpose. A PSS is intended to provide value (in use) to a
customer or a user (Muller et al., 2009; Schenkl et al., 2014). PSS functions (Hajimohammadi et al.,
2017; Hara et al., 2009; Kim et al., 2011; Li et al., 2012; Sakao et al., 2009), etc. or capabilities
achieve the PSS purpose and provide value to the user (Hussain et al., 2012). Finally, PSS
development and operation relies on a stakeholders’ network. We identify different types of
stakeholders: customers, providers, suppliers (Muller et al., 2009), and business partners (Maleki et
al., 2018). Different approaches have been proposed to link PSS key concepts, e.g. service
engineering perspective where the service carries the value and function of the PSS, systems
engineering perspective (system of interest and contributing systems) (Maleki et al., 2017), and IPS2
concept modelling (Welp et al., 2008), etc.

A SoS is also defined by its constituent elements and their interactions: component systems and
systems interfaces. A SoS has a purpose. The SoS achieves its purpose(s) by synthetizing SoS and
component systems capabilities (Dagli et al., 2013; Luo, 2017). A capability describes the ability of
the system to provide a function (Gomes et al., 2015). Finally, independent SoS stakeholders or
enterprises together develop and operate the SoS (Rhodes et al., 2009). These SoS stakeholders have
different roles or activities in the development and operation of the SoS. Different modelling
patterns map the relationships between SoS key concepts. For instance, Ingram et al. (Ingram et al.,
2014) introduce a set of five SoS architectural patterns: centralised architecture pattern, service
oriented architecture pattern, publish-subscribe architecture pattern, pipes and filters architecture
pattern, and blackboard architecture pattern. The patterns can be differentiated based on the nature
of the relationships between SoS component systems (Kinder et al., 2012).

We aim to represent increasingly complex use-oriented and result-oriented PSS/ PSSoS (Fakhfakh et
al., 2019). Hence, we adopt a service engineering perspective and integrate PSS and SoS key
concepts in a four views PSSoS model (Figure 1): stakeholders view, service view, system view,
and operational view.
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Stakeholders view

We define stakeholders as those who have a direct stake in the PSSoS project (Feng, 2013). We
distinguish four types of stakeholders: users, SoS stakeholders, constraint stakeholders, and internal
stakeholders. The users or clients are those who benefit from the final service. SoS stakeholders are
independent actors or enterprises, who together collaborate and, develop and operate the SoS and the
constituent systems. We define in the proposed meta-model the “collaboration” relationship between
SoS stakeholders. Constraint stakeholders include, among others, law, and policy actors. Finally,
internal stakeholders are actors internal to an enterprise (e.g. suppliers, engineers, etc.).

participates to
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Figure 1. A PSSoS meta-model

Both users and SoS stakeholders have expectations or goals with regards to the service. Goals include
quality goals (attributes) and strategic goals (specifically for the SoS stakeholders) (Schenkl et al.,
2014). We further characterise SoS stakeholders by defining their value chain role and development
role. The value chain role expresses the position in the value chain or the “function” the SoS
stakeholder or enterprise has in the delivery of a service (Weiller and Neely, 2013). The development
role specifies the capability (service feature) and, as such the system(s) the SoS stakeholder develops
and/ or operates. We link a development role to a capability through the relationship “is_applied on”.
Service view

In the proposed PSSoS Meta-model, the service is what provides value to the customer and what
achieves his/her goals. Thus, the service is “customer-oriented and represent main functions which are
required by and sold to customers” (Yang et al., 2010). We represent services as a network. Therefore,
we define the relationship “calls” between services. For example, a service that allows an electric
vehicle user to identify the closest charging station needs (or “calls”) car navigation services.
Furthermore, a service relies on a set of capabilities or service features. We define a service feature as
the type of performance that is required for the receiver’s goal to be accomplished satisfactory
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(Hussain et al., 2012). We also consider a network of service features and define the relationship
between service features as “calls” (or relies on, or uses). A service feature is realized by a set of
functions or tasks performed by the constituent systems of the PSSoS. We model the structure of
functions as a tree and define the relationship “has_child” to link functions.

System view

We consider in the proposed PSSoS meta-model, the component systems of a PSSoS. We include in the
definition of a system: 1) the products (hardware and software), their functions, and behaviours, and 2) the
humans and agents and their activities. Products and agents deliver the needed features for the service. The
relationship “has_child” allows defining sub-systems and components of a constituent system.

The interaction between the constituent systems is fundamental since it yields the emerging behaviour of
the SoS. We represent in the PSSoS meta-model the systems’ interfaces through which this interaction
occurs.

The proposed PSSoS meta-model aims to be a high-level description of a PSSoS. Hence, we do not
consider a type of SoS (directed, collaborative, virtual or acknowledged SoS), or a type of systems
relationship. Different SoS architecture patterns can then be represented (Ingram et al., 2014).
Operational view

A service can be deployed in different operational contexts (e.g. different countries with different laws
and policies). Hence, depending on the operational context, a service relies on the participation of
different stakeholders (SoS stakeholders, constraint stakeholders, etc.) and different component systems,
and thus different PSSoS configurations. Moreover, authors (Kilicay-Ergin et al., 2012; Kinder et al.,
2012) highlighted the dynamic nature of SoS and as such, PSSoS. SoS/ PSSoS architectures tend to
evolve during operation (Kilicay-Ergin et al., 2012) (depending on the SoS stakeholders collaboration
type, component systems relationships types, etc.). It is then important to represent these SoS or PSSoS
configurations. Therefore, the PSSoS meta-model includes the concept of service configuration. A
service configuration is a description of how a service is put under operation, including the participation
of SoS stakeholders and the use of a set of service features, functions, and systems.

4.2. Experts feedback analysis and an illustration of an industrial case

In the following, we detail the experts’ feedback according to the 3 criteria defined in section 2.3.

The concepts and relationships used in the PSSoS meta-model are understandable by different
interviewees regardless of their roles. However, the interviewees pointed out that the use of the meta-
model will depend on how familiar different actors are with model-based systems engineering
(MBSE). The interviewees also confirmed the coherence of the meta-model with the industrial reality.
They noted that the views the meta-model includes are holistic. Hence, the use of the meta-model can
enhance collaboration between different roles (business management, service design, systems
engineering) within the organization. However, they warned about the difficulty to retrieve all the
information for the instantiation of the meta-model on industrial case studies. As for the ability to
represent industrial cases, the PSSoS meta-model can represent a set of cases the interviewees work
on. But, involving other SoS stakeholders and industrial cases from other industrial sectors is needed
to confirm the ability of the meta-model to represent first mobility PSSoS and other PSSoS.

The interviews also allowed to identify potential case studies in the context of mobility services such
as electric vehicle charging services and navigation services.

In this paper, we consider examples of electric vehicle (EV)-related services covered in the literature,
e.g. battery leasing, battery replacement and maintenance, charging services, etc. (Chazal, 2018; Chen
et al., 2016; Laurischkat and Viertelhausen, 2017; Weiller and Neely, 2013). Based on retrieved
information, we illustrate the potential use of the proposed PSSoS meta-model.

We consider an EV charging service. This service facilitates the EV user’s (Client’s) experience when
charging his/ her EV as it allows a full charge of the EV within X minutes (goal or expectation of the
user). Such a service may involve the participation of several SoS stakeholders with different value
chain roles, namely an OEM, an energy provider, a charging infrastructure developer and manager,
and eventually a data manager. Each of these SoS stakeholders has a goal with regards to the service,
for example, to generate additional revenues. The service provides service features such as finding
the nearest charging station, booking a charging station, plugging and charging his/ her EV, etc. The
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design and development (development role) of the charging and plugging services features may be
ensured by the OEM. Finding the nearest charging station and booking a charging station may be
developed by a charging infrastructure manager. These service features are realized by a set of
functions, e.g. specific functions describing the charging process. And, the functions are realized by
systems: the EV, the charging station, and eventually a phone application (to book the charging station
for example). The interfaces between the EV and the charging station and between the phone
application and the charging station need to be designed and developed.

An EV charging service could be put in operation in two different cities. The standards and the local
authorities’ requirements (Constraint stakeholders) may be different and constraint the service
configuration in each city. The two service configurations may also involve two different infrastructure
managers which may involve a difference in the way service features are realized (functions).

The previous example illustrates the use of the proposed PSSoS meta-model. However, it is based on
qualitative data gathered in the literature. The next step is to collect the industrial case studies data
necessary for the instantiation of the PSSoS meta-model.

5. Conclusion

A PSSoS is a set of products, services, infrastructures, and networks where its constituent elements
exhibit operational and managerial independence. As such, a PSSoS shows both PSS and SoS
characteristics. The heterogeneity of PSS and the dynamic nature of SoS raise new design challenges.
However, the literature either considers PSS design or SoS development. In this paper, we highlight
the need for integrating the characteristics of a PSSoS into an appropriate PSSoS design method. And
we propose a PSSoS meta-model which is the first brick towards the development of such a method.
The proposed PSSoS meta-model integrates PSS and SoS key concepts identified in the PSS and SoS
literature. It also consists of a stakeholder view, service view, system view, and operational view. The
validation process of the proposed PSSoS meta-model has been initiated. However, the instantiation of
the meta-model on industrial case studies is required. It allows for improving the meta-model.
Moreover, there are several types of PSS (product-oriented, use-oriented, and result-oriented PSSs)
and several types of SoS (directed, collaborative, virtual, and acknowledged SoS). The instantiation of
the meta-model also allows us to verify its scope of application.

Concerning future research avenues, we will investigate the potential use of this meta-model for
PSSoSs configuration management.
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