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Abstract: Companies from the mechanical and plant engineering sector are
increasingly offering Product-Service Systems (PSS) because they are facing greater
competitive pressure within their industry. Furthermore, they perceive a stronger
demand for holistic solutions by the customer. A single company is often unable to
provide the PSS fully on its own because it may not have all competencies for its
provision. Therefore, companies organize themselves in so-called corporate value
networks. In order to assign individual components of the PSS to partners for
provision, the PSS must be structured and the components of the PSS must be
bundled. These bundles are formed based on the interdependencies between the
components and can consist of both tangible product and intangible service
components. This paper presents a methodology for structuring a PSS and creating a
PSS architecture. A Multiple Domain Matrix is used to evaluate and display the
interdependencies among the PSS components.

Keywords: Product-Service System, Clustering, Structuring, Architecture, Multiple
Domain Matrix

1 Introduction

The machinery and plant engineering sector is currently facing increasing competitive
pressure, mainly due to more intense international competition (Schuh et al., 2017).
Differentiation based on physical products solely is becoming increasingly difficult, as the
functional, price and quality levels of products are converging. In addition, the customer
demand for end-to-end solution concepts is rising, resulting in an increasing amount of
companies that are transforming themselves from product providers to solution providers
(Schuh and Délle, 2021). To this end, companies may offer services as a supplement to the
actual product range (Aurich et al., 2016). The service sector is predicted to grow in
importance, but the benefit for customers must be clearly recognizable, if they aim to obtain
the solution for their problem holistically from one provider. Too often, companies offer
services only as an add-on to physical products (Aagaard, 2019). However, if services are
combined with physical products to Product-Service Systems (PSS) they offer a greater
benefit. This requires a holistic development approach for the product and service
components, so that customer requirements for PSS will be addressed in the best possible
way (Schuh and Gudergan, 2016). In particular, interdependencies between the individual
components, including those between products and services, must be examined in this
context (Zou et al., 2018). Based on the components of the products and services and their
interdependencies with one another, bundles can be put together, which should be as
homogeneous as possible among each other. This has the advantage that these bundles can
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be handed over to external partners of a corporate value network for provision, since
companies often do not have the necessary competencies in all required areas to be able to
offer PSS holistically to the customer. Consequently, before allocating the bundles to
companies, their competencies and capabilities must be analyzed in order to ensure target-
oriented provision (Mont, 2002; Riesener et al., 2020). However, a corresponding
methodology that can determine bundles within the PSS and visualizes interdependencies
between product and service components and their functions does not exist. Therefore, a
consistent description, structuring and decomposition of a PSS is required. The use of
Design Structure Matrices (DSM) and Domain Mapping Matrices (DMM) is very suitable
for this purpose.

2 Fundamentals and Definitions

First of all, the relevant fundamentals and definitions in the context of PSS and the
structuring of products and services are presented. PSS consist of both tangible product
components and intangible service components (Goedkoop et al., 1999). A product is
henceforth defined as a tangible economic good, which is created in a production process
and contributes to the satisfaction of a customer's need. A service is an immaterial
economic good, which consists of processes and activities and is created and consumed
simultaneously with the strong involvement of the customer (uno-acto principle) and thus
cannot be created in stock. According to Baines et al., two development processes took
place in parallel for the evolution of products and services into PSS. On the one hand,
“servitization” of a product manufacturer takes place by first offering additional services
before distributing PSS and on the other hand, “productization” of a service provider takes
place by first offering additional products in return before distributing integrated products
and services as PSS (Baines et al., 2007). It is particularly important that the individual
product and service components are aligned with each other so that the overall benefit of a
PSS for the customer is greater than the sum of the partial benefits of products and services
(Salewski, 2016). This coordination leads to a higher complexity, but complexity is both a
cause and a consequence of providing PSS. Initially, the complexity of the products
increases and associated services become necessary in order to fully exploit the potential
of the products (Burianek, 2009). Offering PSS leads to changes in business models, since
the focus is not on selling a product but on providing a solution. According to Tukker, PSS
can be marketed with three different business model types. In a product-oriented business
model, provision focuses on the classic sale of products with the additional offer of
services. The benefit-oriented business model guarantees the usability of the products. The
third type consists of the result-oriented business models, in which the customer pays only
for the output of a PSS (Tukker, 2004).

The structuring of the PSS is one prerequisite for identifying interdependencies in the
individual product and service components. For this purpose, the concept of product
architecture is applied analogously, which can be used to structure physical products. The
concept of product architecture was significantly published by Ulrich in the literature
(Ulrich, 1995). The product architecture consists of three elements: The functional
structure describes the decomposition of the product function into sub-functions resulting
from the product requirements. The second element of a product architecture is the product
structure. For this, the product is broken down into its components and the relations
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between the components are represented in a hierarchical structure. The last element
consists of the transformation relations, which show the connections between the
components and sub-functions (Schuh and Riesener, 2017).

3 Related Work

In this section, related scientific work is examined. The presented approaches are sorted
into two groups focusing either on structuring products or services or on structuring the
PSS itself.

In scientific literature, many approaches mainly focus on the development of product
components in a PSS. Service components are seen as an add-on that are provided
additionally to the product components. AlGeddawy and ElMaraghy present a
methodology for creating a product architecture in consideration of the degree of
granularity. This approach of hierarchical clustering originates in the research area of
biological systematics but is used for tangible products. The result of this methodology is
a structure of a product in its components but in an optimal degree of granularity
(AlGeddawy and ElMaraghy, 2013). The approach of Mannweiler and Aurich focuses on
the development of an architecture for PSS. In this architecture, product and service
components are matched with functions of the PSS. Since this is an appropriate way to
structure PSS, Mannweiler and Aurich prioritize the product components within their
architecture. Therefore, this approach is not comprehensive enough to consider all parts of
a PSS (Mannweiler and Aurich, 2013). The methodology of Holtta-Otto et al. focuses
mainly on service components of a PSS. Starting from a portfolio consisting only of
products, services are examined and assigned to a corresponding lifecycle phase of a
product. This allows the company to create PSS. Nevertheless, product and service
components have to be linked together during the development process of a PSS (Holtta-
Otto et al., 2012). Similarly, Rabe presents an approach that enables the conceptual design
of smart services for existing mechatronic systems. The core of the approach is a reference
architecture with reference modules, which represents the desired principle solution of the
smart service in a model-based manner. A compatibility matrix can then be used to
determine the combination of individual reference modules for addressing a specific
application scenario, taking into account the available data and interfaces of the underlying
mechatronic system during conceptual design (Rabe, 2020). Lubarski and Poeppelbuss
support with their approach the systematic selection of methods for service modularization.
For this purpose, they develop a framework for systematizing existing methods in this
research field. The framework addresses methods that support the modularization of
services and does not focus on PSS as an integrated solution consisting of service and
product components and their interdependencies (Lubarski and Poeppelbuss, 2016). For
the knowledge-oriented development of PSS, Schenkl's two-stage approach focuses on the
integration of end-to-end knowledge management into the development process. Based on
a systematic knowledge management and available company knowledge, existing products
are subsequently enriched by product-accompanying services to PSS. The approach
focuses only on the development of product-accompanying services based on existing
corporate knowledge and takes only a limited look at the sphere of product components
(Schenkl, 2015).
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Besides approaches, which focus mainly on product or service components, there are also
approaches that focus on the structuring of the PSS. Aurich et al. present a methodology
that configures a PSS according to their current phase within the product lifecycle.
Appropriate service components are matched to the products. This approach includes the
structuring of the products as well as the structuring of the services. Nevertheless, product
and service components are not developed simultaneously (Aurich et al., 2009). Sun et al.
pursue a similar objective with their approach, which aims to support the customer-specific
and modular composition of PSS. By means of a fuzzy cluster algorithm, functional
requirements are combined into requirement clusters, which in turn form the basis for the
subsequent definition of modules consisting of product and service components. For the
methodology to be elaborated, the approach forms a relevant basis, whereby aspects of the
PSS architecture are not considered (Sun et al., 2017). The contribution of Song and Sakao
supports the development of PSS by a standardized reference development process
addressing four successive development steps starting with the identification of
requirements as well as technical attributes up to the modularization and concept
configuration. Field-proven methods are embedded in the process while modularization of
PSS is playing only a minor role (Song and Sakao, 2017). The approach of Bartoschek
provides a possibility to determine the variety of offers of a PSS. Regarding information
from customers, strategical guidelines and costs of realization, an optimal level of
granularity according to the value and the costs of a PSS can be accomplished (Bartoschek,
2011).

In conclusion, services in PSS are often offered only as add-ons to existing products. There
is no integrated and holistic description and structuring of the PSS aiming for an integrated
PSS architecture. Furthermore, there is no overall decomposition logic for PSS that can be
used as a basis for bundling product and service components. Consequently, these bundles,
which should be as independent as possible, can be provided to some extent by partners of
the corporate value network. This paper presents a methodology that addresses the
scientific deficits regarding the structuring and bundling of PSS.

4 Methodology

The methodology consists of five successive steps, as shown in Figure 1. In the first and
second step, the PSS is structured with the help of a functional structure as well as a product
and service structure. These three structures form the foundation for clustering PSS
components to PSS bundles. In order to be able to use an algorithm for clustering, a
Multiple Domain Matrix (MDM) has to be set up, which is part of the third step. Based on
the elaborated interdependencies of the PSS components, in the fourth step bundles are
defined using the IGTA-plus algorithm. Subsequently, the PSS architecture is developed
in the fifth and last step of the methodology.
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Figure 1. Overview of relevant steps of the methodology for structuring and bundling PSS
resulting in a PSS architecture

The first step is to elaborate a functional structure that is aligned with the value proposition
of the underlying business model. For the customer benefit-centric alignment of the PSS,
it is first necessary to determine relevant requirements for the PSS, whereby the use of the
Value Proposition Canvas according to Osterwalder et al. has proven to be suitable. The
Value Proposition Canvas consists of two parts, the Customer Profile and the Value Map.
With the help of the Customer Profile, a comprehensive understanding of the customer is
created by working out the "job-to-be-done™ and the associated customers pains and gains.
The Value Map defines how value is created for the customer by identifying gain creators
and pain relievers. Gain creators describe how products and services create customer gains,
while pain relievers describe how products and services alleviate customer pains
(Osterwalder et al., 2014). Necessary products and services that address the most relevant
gain creators and pain relievers have to be included in the PSS. For the determination of
the most relevant gain creators and pain relievers, a pairwise comparison can be used. At
the same time, the prioritized gain creators and pain relievers represent the customer
requirements regarding the PSS. The most relevant customer requirements are translated
into functions and hierarchically combined into the functional structure.

The second step of the methodology describes the set-up of the integrated product and
service structure. The methodical foundation of a product structure has been sufficiently
described in the scientific literature (Gopfert, 1998). However, it is important that the
product structure is built up in the right level of detail. If the level of granularity is selected
too narrow, it will neither be possible to create reasonable bundles in a PSS, nor will it be
possible to use the termination criterion when creating the architecture. Furthermore, it is
necessary that all physical components of the PSS are included in the product structure
even those that are used for the provision of services. Approaches for creating a service
structure do not exist, but the structure can be built in analogy to the product structure,
since the principle of hierarchical decomposition can also be applied here (Burr, 2016; Gill,
2003). In an analogy analysis, a comparison of the similarities between the objects under
consideration is conducted. Based on this, a decision can be made whether an analogous
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transfer or a transfer with need for modification is possible (Haberfellner et al., 2019). In
the present case, the differences are primarily the uno-actu principle of the services, the
focus on processes and activities, the stronger customer involvement in the creation
process, and the intangibility. This is counteracted by numerous similarities. In particular,
the divisibility into components, assignment of the components to partial functions, the
existence of hierarchical relations and the description of interfaces need to be mentioned
here. In summary, it can be stated that despite some differences, the similarities of products
and services predominate and thus an analogous transfer of the product structure on
services is possible. This guarantees that the structuring of a PSS considers all product and
service components. Nevertheless, the structures of the product and service components
have so far been considered separately, so that there is still no integrated view on the
components of a PSS. In order to create an integrated PSS architecture, the product and
service components must be analyzed with regard to their interdependencies, which is the
objective of the following step.

The bundling of components of the PSS is another important aspect of this methodology.
Subsequently it is possible, that individual bundles of PSS components can be handed over
to partners within a corporate value network for their provision. Since the process of
bundling shall be conducted automatically with an algorithm, a matrix with numerical
values is required. For this purpose, the third step of the methodology describes the set-up
of a MDM, which is the input for the clustering algorithm implemented in MATLAB. In
the MDM, the three domains sub-functions, product components and service components
are included. This results in a matrix with nine fields, in which the interdependencies
between the components of the PSS and the sub-functions must be evaluated. Due to the
different number of elements in the individual domains, the MDM consists of Design
Structure Matrices (DSM) on the diagonal fields and Domain Mapping Matrices (DMM)
as displayed in Figure 1. (Browning, 2001; Danilovic and Borjesson, 2001; Steward, 1981).
Interdependencies are assessed using a three-level logic from 0 (no interdependencies), 1
(weak interdependencies) up to 2 (strong interdependencies) to allow a better description
of the interdependencies in contrast to the original two-level logic. This allows a gradation
of the strength of interdependencies to be realized with little effort, for which the available
information is sufficiently precise. First, the function-related interdependencies are
determined. These exist on the one hand between the sub-functions themselves and
between the sub-functions and the product and service components. The investigation of
the function-related interdependencies is particularly important because after the creation
of bundles it is possible to evaluate whether the bundles are functionally independent. Since
this favors outsourcing to partners within the corporate value network, functional
interdependency represents an optimization criterion. Next, the interdependencies of the
product and service components are determined. The four matrices used for this purpose
form their own MDM, which can be used as input for the clustering algorithm. These
matrices are displayed in Figure 1 with the numbers 5, 6, 8 and 9. Within this MDM, all
combinations of components of the PSS must be examined and evaluated for
interdependencies. In some cases, these interdependencies are known from the product or
service structure. Once again, a level of granularity, which is too narrow, is not beneficial
for the analysis of the interfaces between the individual components. Therefore, the
interfaces must be considered at a superordinate level, since the components have not been
resolved at a fine granular level either. However, there are dependencies when service
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components relate to product components or require them for an execution. These
evaluations are used to generate a matrix that serves as input for the cluster algorithm.

In the fourth step of the methodology, the bundling of the components of the PSS, is
conducted with the IGT A-plus algorithm. This algorithm is based on the well-known IGTA
algorithm (Gutierrez Fernandez, 1998; Idicula, 1995; Thebeau, 2001), but is improved
significantly in terms of the singular assignment of elements to clusters, the replicability of
calculations and the shorter calculation time. To ensure the mentioned benefits, the
empirically determined values for the parameters of the algorithm according to Borjesson
and Holtta-Otto are used. For the calculation, all interdependencies are assigned to costs.
The costs of the interdependencies within a cluster are thereby lower than the
interdependencies of the elements of different clusters. The algorithm minimizes the total
costs incurred (Borjesson and Holtta-Otto, 2012). The algorithm is applied in MATLAB
and the data input is implemented as a matrix with numerical values. This matrix is created
in step 3. The result of the application of the algorithm is a matrix whose elements are
arranged according to the calculated clusters as shown in Figure 1. Finally, the functional
independence of the bundles is checked. Since the bundles should be as independent as
possible, optimization measures can start at this point.

Based on the bundles developed in the previous step, a PSS architecture can be created in
the fifth and last step. The architecture consists of three elements, similar to a product
architecture: The PSS structure, the functional structure and the transformation
relationships as shown in Figure 1. The functional structure is already known from the first
step of this methodology. The PSS structure is established from the bundles that have been
created using the algorithm based on the interdependencies between the individual product
and service components. At this point, all PSS components have thus been considered
holistically. The transformation relationships also result from the bundles and the MDM,
since the assignment of the sub-functions to the components of the PSS has already been
conducted. With the support of this PSS architecture, it is therefore possible to consider
and structure a PSS and its components holistically.

5 Case study

In the section at hand, the presented methodology is validated within a case study. For this
purpose, a PSS is used, which is offered in the context of a result-oriented business model,
where the customer buys a pre-determined volume of compressed air from the supplier.
The supplier is responsible for the operation of the compressor and the generation of the
compressed air. On the one hand, the PSS consists of the compressor and its components
as well as other tangible components necessary for the operation of the compressor. On the
other hand, the associated services are ranging from demand analysis and financing to
service and performance review, as well as dismantling and disposal of the system. In total,
the PSS consists of 19 product components and nine service components, which are
included in the MDM. Next, the interdependencies are evaluated according to the presented
three-level logic, so that the resulting matrix can be used as the input for the IGTA-plus
algorithm. After executing the algorithm, six bundles emerge. Three of these bundles
consist of both product and service components. An example is bundle three, which is
consisting of the electric motor, the screw compressor, the intake filter, the compressed air
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tank as well as the preparation of the requirements analysis and the solution concept. The
results show that bundles can consist precisely of product and service components.
Furthermore, a joint bundling of the components is necessary to structure a PSS and an
integrated approach has to be chosen. Since the bundles are as independent as possible of
each other, these bundles can be more easily handed over to a partner within the corporate
value network, if this is required due to the availability of the necessary competencies for
delivery. Figure 2 visualizes the results as an exemplary excerpt.

o
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Product component 5|8 £ = Fan Screw compressor
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£ gl _ ES @ Fluid cooler Intake filter
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Figure 2. Excerpt of the evaluation of interdependencies among product and service components in
MDM and resulting bundles

6 Conclusion

Companies of the machinery and plant engineering sector offer PSS because the sector
faces more competitive pressure and the possibilities for technical differentiation are
limited. In addition, the significance of services and the customer demand for solutions
instead of standalone products is rising. Therefore, companies transform themselves to
solution providers. As PSS increase the benefit for customers, product and service
components of the PSS have to be developed holistically. This paper presents a
methodology to structure a PSS into bundles consisting of product and service components.
The approach consists of five consecutive steps from building a functional structure to
applying the IGTA-plus algorithm for clustering. The methodology proves that bundles
consisting of product and service components are helpful to structure the PSS within an
architecture in which the bundles are as independent from each other as possible. In
consequence, this method supports the provider of the PSS to structure all components of
the PSS and to prepare a decision, which bundles can be handed over to a partner within a
corporate value network for their development and provision. In order to be able to make
this decision, a competence analysis focusing on the required and existing competences of
the PSS provider would be the next step. Finally, potential cooperation partners can be
identified to close the competence gap of the PSS provider and the corporate value network
can be set up. The mentioned next steps are part of the research activities of the authors.
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