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Abstract

Product service systems (PSS) can be understood as an innovation / business strategy that includes a set
of products and services that are embedded into an actor network. This paper presents the concept of
PSS-System of Systems. We present how existing PSS and system of systems design approaches can be
applied to PSS-SoS design.
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1. Introduction

At its core, Product service systems (PSS) can be understood as a set of products and services (Goedkoop
et al., 1999; Mont, 2002; A Tukker, 2004; Baines et al., 2007; Boehm and Thomas, 2013; Haase et al.,
2017). In general, a product is a tangible good that takes part in an economic exchange, whereas a service
is an intangible good taking part in an economic exchange (Lovelock and Gummesson, 2004). PSS are
considered as a means to open up new market segments and/or to increase sustainability (Goedkoop et
al., 1999).
More recently, complex PSS have been increasingly of interest, where collaboration plays an important
role. An example is the Batteries for Buildings (B4B) system where batteries from electric vehicles are
reused as a storage facility for providing energy management and renewables integration services
(Chazal et al., 2017). This PSS is jointly developed and operated by Renault and Bouygues Energies &
Services and involves multiple systems. Another example is multi-modal transportation where distinct
transportation providers jointly offer a transportation service. Such collaborative PSS commonly have
some of the following characteristics:
e Multiple actors providing lower-level services that are combined into a higher-level service.
e Interoperability between systems becomes a key concern: Protocols, data exchange standards, etc.
e Societal concerns such as pollution reduction, quality of life, and job creation become crucial for
getting approval from public stakeholders.
e Governance of the combined service and physical products becomes a key issue, e.g. one central
actor has oversight vs. no single actor responsible for overall system.

These PSS seem to resemble what Maier (1996) calls “collaboratively integrated systems”, which is for
him a synonym for System of Systems (SoS) (Maier, 1996). According to Maier, a key characteristic of
SoS is the operational and managerial independence of its constituent systems. In the following, we call
such PSS “PSS-SoS”. However, very few publications on PSS and on SoS explicitly deal with this
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relationship. We argue that exploring this relationship could help understanding these collaborative PSS
and support the development of methods and tools for their design.

In this paper, we identify existing gaps in the PSS literature with respect to PSS-SoS design. First,
PSS and SoS definitions from the literature are presented and their common and distinct
characteristics identified. Next, a tentative definition for PSS-SoS is presented. Subsequently, various
approaches for PSS and SoS design are assessed with respect to how far they can contribute to the
design of PSS-SoS. Finally, research gaps and questions with respect to a future PSS-SoS design
approach are formulated.

2. PSS and SoS definitions and characteristics

2.1. PSS definitions and characteristics

The first part of the current state-of-the-art is an endeavour to define PSS. Several publications provide
overviews of PSS definitions from the literature (Arnold Tukker, 2004; Tukker and Tischner, 2006;
Baines et al., 2007; Velamuri et al., 2011; Haase et al., 2017; Mahut et al., 2017). In essence, we
conclude that most definitions consider PSS as either a business model / innovation strategy or as a
combination of product(s) and service(s), depending on the emphasis on the business impact of PSS or
its embodiment in the form of products and services. As an innovation strategy, PSS are subject to the
bounded rationality of the actor network into which the PSS is embedded, which implies that PSS are
subject to a continuous learning process (Whittington, 2001). This process is reflected in the co-
production with the customer and supporting infrastructure are important elements of PSS (Goedkoop
etal., 1999; Mont, 2002; Morelli, 2006; Becker et al., 2010). Only one publication mentions system of
systems in its definition Estrada et al. (2017) define PSS as “a system of systems consisting of a system
product and a set of system services, which are jointly capable of fulfilling a specific customer
demand”. This hints at a research gap regarding PSS-SoS in the literature. Figure 1 shows PSS elements
that form part of most definitions. A PSS is primarily a set of products and services, supported by an
actor network and can be part of a specific business model or innovation strategy. PSS address or are
driven by objectives such as fulfilling customer needs, environmental efficiencies, and co-production
of value.

Business model /

Objectives / Goals innovation strategy
Address / Combination of product(s)
« Environmental Is driven by and service(s)
efficienc PTG
. Customgr needs “ e
 Perform functions Senvice 3
L 1 Ser;ice

Actor network

/

Figure 1. PSS elements prevalent in most definitions
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Some PSS definitions such as (Goedkoop et al., 1999) further include supporting infrastructure. Besides
the economic meaning of “service”, the service engineering PSS literature often represents services in
terms of activities or processes, an outcome, and the required resources for performing the service
(Bullinger et al., 2003; Elgammal et al., 2017; Hajimohammadi et al., 2017). Resources can be products,
personnel, infrastructure, systems etc.

PSS and similar terms have been discussed in-depth in Velamuri et al. (2011), for example hybrid
product, functional product, and integrated solution.

2.2. System of Systems definitions and characteristics

A number of definitions for system of systems can be found in the literature (Kotov, 1997; Lukasik,
1998; Pei, 1998; Carlock and Fenton, 2001; Sage and Cuppan, 2001; Jamshidi, 2005; Maier and
Rechtin, 2006; Bjelkemyr et al., 2009). Some definitions are domain-specific, such as for a defence
context (Manthorpe, 1996; Pei, 1998) or enterprise systems engineering (Carlock and Fenton, 2001).
In the following, we focus on definitions that are generic and applicable to a variety of contexts.
According to these definitions, a system of systems consists of a set of systems. The definitions differ
in the characteristics they ascribe to this set of systems. Maier (1996) ascribes operational and
managerial independence as key characteristics. Additional characteristics are introduced by (Jamshidi,
2005): geographic distribution, emergent behaviour, and evolutionary development. Another set of
characteristics is introduced by Baldwin et al. (2015), Boardman and Sauser (2006): autonomy,
belonging, connectivity, diversity, emergence. According to Bjelkemyr et al. (2009) SoS exhibit
evolutionary behaviour, self-organization, heterogeneity, emergent behaviour, and can be interpreted
as small-world and scale free networks. Other important characteristics of SoS are that capabilities and
service-oriented principles play an important role in the composition of SoS (Gomes et al., 2015).
Kinder et al. (2012) present different SoS dimensions that are intended to help define the system of
interest: component systems, SoS classification, interactions, nature of relationships, lifecycle,
variability, functions, systems owners and operations, concept of operations / use / employment.
Bianchi et al. (2015) present a literature review of SoS quality attributes. They conclude that existing
existing quality attributes are insufficient to address their interdependencies due to the dynamic nature
of SoS.

2.3. Towards a definition and conceptual model for PSS-SoS

In the following, we will first compare similarity and differences of the constituent elements and
characteristics of PSS and SoS. Furthermore, we present a tentative definition and conceptual model
for PSS-SoS. Some PSS definitions can encompass SoS such as aforementioned in (Estrada et al.,
2017). Regarding a PSS’s constituent elements, most definitions agree on a set of products and
services. Some definitions such as Goedkoop et al. (1999) and Mont (2002) further include a network
(of actors) and an infrastructure. From a SoS perspective, at least products, infrastructure, and
networks can be considered as constituent systems. Whether or not services are systems depends on
how widely or narrowly the notion of system is defined and whether or not it encompasses a set of
activities. As not all sets of systems are SoS, similarly, not all PSS that comprise a set of product(s),
service(s), infrastructure(s), and network(s) are SoS. They have to satisfy a number of additional
conditions.

In the following, we argue that most of the PSS and SoS characteristics are complementary. The PSS
definitions compiled in Boehm and Thomas (2013) stress characteristics such as value generation,
customer utility, fulfilling user needs, environmental benefits, etc. that are rather ends. By contrast, SoS
characteristics are less focused on the ends but on its constituent elements. For example, operational and
managerial independence are characteristics of a SoS’s constituent systems and do not have their PSS
counterpart. The same seems to hold for the additional SoS characteristics from Jamshidi (2005),
geographic distribution, emergence, and evolutionary development. Baldwin et al., (2015) Boardman
and Sauser's (2006) five characteristics autonomy, belonging, connectivity, diversity, emergence also
do not seem to have counterparts in PSS definitions.

However, at least one PSS characteristic seems to have a counterpart in SoS definitions. Goedkoop et
al. (1999) ascribes to a PSS that it “continuously strives to be competitive, satisfy customer needs, and
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have a lower environmental impact than traditional business models.” This characteristic seems to have
its counterpart in the “evolutionary development” characteristic from Jamshidi (2005) and “evolutionary
behavior” from Bjelkemyr et al. (2009). This PSS characteristic stresses the continuous development of
PSS via reconfiguration etc., induced by the interaction with the client.

To conclude, it seems that most characteristics of SoS are complementary to PSS characteristics. While
PSS characteristics such as customer satisfaction, value creation, etc. are in general ends-oriented, i.e.
they go beyond the perimeter of the PSS. SoS characteristics such as operational and managerial
independence are means-oriented and stay within the perimeter of the SoS.

Existing publications that jointly deal with PSS and SoS rather briefly mention the SoS aspect without
taking its specific characteristics into account. For example, Bankole et al. (2012), Bertoni, (2013),
Erkoyuncu et al., (2011) mention system of systems such as in the context of operations (Bankole et al.,
2012), cyber-physical systems (Bertoni, 2013), business collaboration (Bertoni et al., 2011), and as a
case study (Erkoyuncu et al., 2011). (Piischel et al., 2016) explores the relationship between the Internet
of Things with various concepts, including hybrid products and system of systems.

A different picture presents itself for service systems and service engineering. Most publications in
this area deal with SoS from an enterprise system perspective. For example, Tien (2009, 2008),
Tien and Goldschmidt-Clermont (2009) focus on the characteristic of value co-creation in services,
where the provider and customer entities are considered as systems that interact. These entities
comprise people, processes, and products. For example, (Tien and Goldschmidt-Clermont, 2009)
view the healthcare system from this perspective. (Golinelli et al., 2015) and (Mora et al., 2011)
similarly see a firm forming a SoS via collaborating with other firms, thereby co-creating value.
The literature on enterprise systems engineering seems to rather focus on a single firm as a SoS.
For example, Sitton and Reich (2015) and Carlock and Fenton (2001) seek to integrate component
systems within a firm.

Given the complementary characteristics of PSS and SoS, we can construct a minimal definition of PSS-
SoS that combines the essence of PSS and SoS definitions:

A PSS-SoS is a set of products, services, infrastructures, and networks where its constituent elements
exhibit operational and managerial independence.

More specifically:
o At least two actors manage / operate the constituent products and services, where one actor
contributes in one or several of the following ways:

o One actor manages / operates a product, service, PSS, or infrastructure
o One actor manages multiple products, services, PSS, or infrastructures
o Actors jointly manage a product, service, PSS, or infrastructure

e The PSS-SoS consists of either of the following product / service combinations:
o One product and multiple services
o Multiple products that take part in the delivery of a service
o Multiple products and their services are combined to deliver a service

These characteristics reflect the managerial and operational independence criteria from Maier (1996).
Additional SoS characteristics can be added. The main difference to SoS in general is that specifically
the service dimension adds another layer of complexity to a PSS-SoS. Individual services can be
combined in new ways during design-time and / or run-time, such is the case for Service-Oriented
Architecture (SOA) (Erl, 2005; Russell et al., 2008; Vrba et al., 2014).

Regarding specific PSS types such as in Tukker (2004), PSS-SoS may include one or more PSS types.
For example, a multi-modal transportation PSS-SoS may include a tram (result-oriented PSS) and a
bicycle lending service (use-oriented PSS).

Figure 2 shows an example conceptual model for PSS-SoS with a set of products and services that are
operated / managed by a network of actors. Shifting system boundaries during its operation can also
result in an added complexity.
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Figure 2. PSS-SoS example

3. PSS design methods, processes, and frameworks

In the following, a variety of PSS design methods, processes, and frameworks are presented and their
contribution to a PSS-SoS design methodology identified. The main difference between the product
development and service engineering literature is that PSS design methodologies take dependencies and
interactions between product and service development into account.

We screened the literature with respect to the following criteria that follow from specific PSS-SoS
characteristics:

e Individual PSS and / or products and services are combined to form a PSS-SoS. Hence, the PSS
design methodology should consider the recombination of PSS and / or products and services.

e The PSS design methodology takes life cycle off-sets into account, i.e. products and services are
not developed at the same time or entire PSS are not developed in parallel. Rather, new services,
products, and PSS are integrated into existing services, products, and PSS.

e Collaboration between actors / stakeholders that goes beyond a supplier — client, service provider
- client relationship is considered.

e PSS-specific aspects such as the supporting networks and infrastructure are taken into account.

e Actors along with their roles (management, operation) can be assigned to the respective PSS-SoS
elements.

The publication was retained in case it satisfies one or more of these criteria. A PSS-SoS design
methodology would need to address all these characteristics.

Although not immediately applicable to the PSS-SoS case, a modular approach can likely be adapted to
represent the recombination of products / services / PSS / infrastructure. Aurich et al. (2006) propose a
modular product and service design process where several product and service development processes
can be integrated. Such a modular design process could be extrapolated to the PSS-SoS case for
combining services, products, and PSS. The proposed approach seems to be rather applicable to product-
oriented PSS. Kim et al. (2015) developed a service-oriented PSS development process. The PSS is
developed and operated collaboratively via the service provider and product partner. Service design and
product design proceed in parallel. The service provider not only designs the service but is responsible
for its integration with the product, infrastructure, and actor network. Aurich et al. (2009), Wang et al.
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(2011) and Li et al. (2012) develop three different processes for modular PSS design, where products
and services as well as the product life cycle (PLC) can be modular. Aurich et al. (2009) introduce a
modular approach to combining services with products over the product’s life cycle. Wang et al. (2011)
propose a PSS design methodology for modular PSS that can be configured for different customer
segments. They take collaboration between the developer, product supplier, product/service portfolio
management, PSS provider, manufacturer, and customer into account. Li et al. (2012) propose to
develop the service modular structure and the product modular in parallel.

Several PSS design methodologies take collaboration between actors / stakeholders into account.
Morelli (2006) present a PSS development approach that takes the co-production of the final result by
an actor network into account. They use interaction maps for representing actor relationships and the
IDEFO diagram for the functional aspects of the PSS. The PSS Board by Lim et al. (2012) provides a
matrix for representing relationships between customer activities, services, products, infrastructure, and
partners. A car-sharing company example is presented. (Van Halen et al., 2005) present PSS design
methodology which includes a PSS stakeholder map for identifying stakeholders and their relationships.
Geum and Park (2011) present a product-service blueprinting approach that includes ownership transfer
and actor transfer that go beyond customer and provider relationships. The framework for designing and
delivering value bundles presented by Becker et al. (2010) considers collaboration between the service
company and manufacturing company during the design phase and the co-creation of the value bundle
with the customer. Klein (2007), Scheer et al., (2006) propose a model-based framework for modelling
PSS. The framework takes the organizational aspect into account via allocating organisational units to
service or product development functions. Within the product-service engineering literature, Sakao et
al. (2009) introduce different actor roles such as provider, intermediate agent, and receiver into their
PSS flow and scope model, which allows for the representation of collaboration between actors.
Although not explicitly mentioned, their approach should be allow for an allocation of products and
infrastructures to services. Hara et al. (2009) use Service Blueprinting with the Business Process
Modelling Notation (BPMN) for modelling product behaviour and service activities. Their running
example is rather limited to individuals providing services to customers (motorman on a tramway).
However, the modelling approach and notation could be adapted to the PSS-SoS case. Durugbo (2014)
gives an overview of the different dimensions that influence co-design for industrial PSS. The first
aspect relates to sets of requirements that are life-cycle, partnership and technical in nature. The
relationship between collaboration with partners and the PSS design process is explored.

Pezzotta et al. (2012) introduce the WinWin Spiral Model for PSS Engineering. It allows for a
continuous development of the PSS throughout its life-cycle and allows for accommodating life-cycle
off-sets of constituent product and service elements. It also reflects value co-creation with the customer
that lead to a redesign of the PSS. Details about the PSS architecture are left out and the focus is on the
overall life-cycle (beginning-of-life, mid-of-life, end-of-life).

The Multilevel Design Model by Joore and Brezet (2015) represents four levels, starting with the
Societal System, Socio-technical System, Product-Service System and Product-Technology System.
The socio-technical system level resembles a SoS with technical and organizational elements.
Nevertheless, the model stays rather vague with respect to the concrete representation of elements for
each of the levels and design phases.

Other design methodologies address two or more characteristics of PSS-SoS. Kim et al. (2011a), Kim
et al., (2011b) introduce a comprehensive PSS design methodology that addresses at least two aspects
relevant for PSS-SoS. First, they allow for a mapping of stakeholders to product and service elements.
Furthermore, their approach includes an allocation of service elements to product elements, which
permits a flexible reconfiguration of product — service combinations. However, the case studies to which
this process was applied has a much lower complexity. Song et al. (2015) developed a PSS innovation
management framework that adds the business model design dimension to what they call strategy level.
Stakeholders participate in collaborative PSS development. Furthermore, multi-stakeholder
collaboration during operation of the PSS is represented as a value network. Although the case study
focuses on a beverage vending machine, the overall PSS resembles a PSS-SoS with stakeholder
operating distinct services and products.
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Table 1 shows which PSS design methods, processes, and frameworks address which PSS-SoS
characteristics. Few approaches address more than two characteristics and none addresses all. Among
the ones that address more than two characteristics are Sakao et al. (2009), Morelli (2006), Song et al.
(2015), Geum and Park (2011), and Lim et al. (2012). These five approaches are rather focused on
results-oriented PSS.

Table 1. PSS design methods, processes, and frameworks and which PSS-SoS
characteristics they address

Configurati | Life-cycle | Collaboration | Supporting Actor
on of PSS, off-sets between network, roles
product, actors infrastructure
service
(Aurich et al., 2006) X
(Kim et al., 2015) X X
(Aurich et al., 2009) X X
(Wang et al., 2011) X
(Lietal., 2012) X
(Morelli, 2006) X X X X
(Lim et al., 2012) X X X X
(Van Halen et al., 2005) X
(Becker et al., 2010) X
(Scheer et al., 2006; X
Klein, 2007)
(Sakao et al., 2009) X X X X
(Hara et al., 2009) X X
(Kim et al., 2011) X X X
(Pezzotta et al., 2012) X
(Geum and Park, 2011) X X X X
(Durugbo, 2014) X X
(Song and Sakao, 2016) | X X X X
(Joore and Brezet, 2015) X

4. SoS design methodologies

With few exceptions, existing SoS design methodologies do not take PSS explicitly into consideration.
These methodologies usually start with a given architecture or a predefined design space. For example,
Eusgeld et al. (2011), Kargarian et al. (2016), Thacker et al. (2017) start from an existing energy
infrastructure architecture and analyse its resilience. DeLaurentis (2005) and Shah et al. (2012) focus
on the evaluation of SoS transportation architectures, where the architecture alternatives are already
given. These architectures can be interpreted as result-oriented PSS for transporting goods or passengers
from a point A to B. A shortcoming of these approaches seems that they are limited to the evaluation of
SoS rather than their synthesis.

The SoS-oriented service engineering literature provides frameworks rather than methodologies. We
limit ourselves to frameworks that go beyond a single firm. Tien (2009), Tien and Goldschmidt-
Clermont (2009) present a decision-making framework for system adaptation. (Golinelli et al., 2015)
present a framework for value co-creation. The applicability of these frameworks seems to be limited to
pure services, which would correspond to result-oriented PSS.

A more pertinent stream of literature seems to be the Service Oriented Architecture (SOA) SoS
literature. SOA can be understood as an attempt to integrate processes and data across organizations via
an overarching architecture (Russell et al., 2008). Russell et al. (2008) present a conceptual model for
SOA in the context of military capability where services are integrated at the business, system, and
computing level. In the conceptual model, people, process, products, access to technology, and
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infrastructure are considered as resources that fulfil a responsibility in delivering a capability. The
conceptual model resembles those from service engineering such as Bullinger et al. (2003) but takes
cross-organizational aspects into account. Besides this, although an architecture evaluation approach is
presented, architecture generation is not considered. Vrba et al. (2014) apply SOA principles to smart
grids, that are considered as SoS. They define a service as “a software entity which encapsulates business
or control logic as well as functionalities provided by a component.” The objective is to apply SOA
principles to reach a flexible, interoperable, and scalable control solution for smart grids. Although SOA
principles are presented, no methodology or framework is introduced.

Next, we extend our survey and take SoS design methodologies in general into consideration to create
these solutions. We limit, nevertheless, our survey to approaches that focus on frameworks and
methodologies that aim at the design of SoS architecture. We exclude more life cycle, process, and
management-oriented approaches. With these limitations, existing SoS design methodologies seem to
be only partly able to support PSS-SoS design. Chattopadhyay et al. (2009, 2008) present a framework
and methodology for SoS tradespace exploration. Chattopadhyay et al. (2008) present quantitative
criteria for evaluating the performance of SoS such as benefit cost criteria for systems to participate in
the SoS. Chattopadhyay et al. (2009) and Chattopadhyay et al. (2010) introduce a SoS tradespace
exploration methodology that takes new and legacy systems into consideration. The robustness of SoS
architectures over different scenarios is also considered. Ricci et al. (2014) presents a SoS tradespace
exploration methodology taking —ilities into account. All these publications already start with a given
set of quantitative performance criteria and do not represent service-oriented aspects. Singh and Dagli
(2009) present a SoS architecture design methodology using genetic algorithms and a fuzzy assessor.
They apply the methodology to a smart grid design problem. The smart grid is represented in the form
of actors, functions, and systems/services. This representation seems to be well-suited for PSS-SoS.
However, the methodology starts where the SoS system boundary and constituent elements have already
been predefined. Mokhtarpour and Stracener (2014) propose a K-means clustering approach for SoS
architecture selection. Dagli et al. (2013) present a methodology for SoS architecting and analysis using
an agent-based behavioural model. They take various SoS specific aspects into consideration such as
criteria for individual systems to participate in the SoS. Ingram et al. (2014) present a template for SoS
architecture patterns and examples such as SOA and pipes and filters. These patterns could be used in
the synthesis step of PSS-SoS architectures. Hein et al. (2016) present a methodology for architecting
eco-industrial park SoS, using net-present value as a criteria for individual industrial plants to take part
in the a synergy. Rhodes et al. (2009) present a framework for architecting the SoS enterprise. The
framework seems to be applicable to PSS-SoS with an emphasis on the actor network and infrastructure,
in particular the information technology infrastructure. However, this framework would need to be
complemented by a framework that focuses on the product / service aspect of the PSS-SoS.

To conclude, existing SoS design methodologies seem to be only partly applicable to PSS-SoS. The
service and capability oriented frameworks and methodologies are rather focused on result-oriented
PSS. Furthermore, different types of constituent PSS of a PSS-SoS are seemingly not addressed by the
literature. There seems to be a gap regarding methodologies that allow for a proper definition of the
system of interest and the synthesis of PSS-SoS architectures prior to the evaluation / analysis step. In
addition, a promising avenue of research could be to combine SoS enterprise architecting approaches
with an approach that focuses on the products and services.

5. Research gaps

With respect to the existing literature, the following research gaps have been identified:

PSS product / service complexity: Existing PSS publications focus mostly on low complexity products
and services, e.g. bike, clothes, vending machine. Products with a higher complexity such as automobile,
aerospace systems and services that require more complex infrastructure such as service platforms are
seldom covered by the existing literature and not considered in the case studies. By contrast, the SoS
literature deals with these types of high-complexity systems, but only few publications take the PSS
aspect into account.

Collaboration: Existing PSS approaches consider collaboration between actors such as product
manufacturers and service providers during the design and operations phase and value co-creation with
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the customer during the operations phase. However, few approaches allow for jointly exploring the
combination of actor collaboration alternatives and product, service, and PSS alternatives. Existing SoS
design approaches take services into account, such as in the form of capabilities, but seem to be limited
to defence SoS or enterprise systems.

In addition, the PSS literature only partly addresses PSS-SoS characteristics. The service-oriented SoS
literature addresses some of the PSS-SoS aspects but remains implicitly at the result-oriented PSS level.
The enterprise SoS literature provides frameworks for representing shared resources and processes
across organizations but does not provide guidance on how to map the organizational architecture with
products, services, and infrastructure elements.

6. Conclusions

This paper has provided a comprehensive literature survey of the existing PSS literature with respect to
a PSS system of systems design methodology. The existing literature can mainly contribute with respect
to life cycle, business model, and socio-technical systems aspects to the development of such a
methodology. The two main research gaps are: How PSS with a high complexity (system of systems)
can be represented? Furthermore, although the link between PSS and business model is considered in
the literature, the existing business model representations and PSS representations are not well suited
for a system of systems context with multiple actors that collaborate. How can both be developed
concurrently? The future work will focus on addressing these research gaps and questions.
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