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Abstract Product service systems (PSS) are bundles of
physical technological elements and service elements that
are integrated to solve customer problems. In practice,
most components of PSS are developed independently
from each other, which leads to problems with coordination
of development activities and integration of PSS compo-
nents. Therefore, an integrated requirements engineering
for PSS is needed that deals with the involvement of
developers from product engineering, software engineer-
ing, and service engineering, as well as the inherent com-
plexity of the PSS and the development process. In a case
study with the development department of a PSS provider,
we analyzed requirements documents and conducted expert
interviews. We identified problems in the development, for
example, that requirements on different levels of abstrac-
tion are intermingled, rationales for requirements are
missing, and the concretization of requirements is unclear.
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To solve these problems, we propose a requirements data
model (RDMod) for requirements to PSS. An RDMod
describes different types of requirements and the relations
between them. Thus, it is a scheme for the concretization of
the requirements, which especially addresses the problems
of structuring the requirements, enabling traceability, and
finding conflicts. We then used an analytical evaluation, a
feature-based evaluation and a retrospective application
with requirements analysts of the industry partner. In a
joint workshop, we specified requirements for a PSS with
the RDMod. In structured interviews, we analyzed the
perceived advantages of the RDMod. The experts con-
firmed that the RDMod is applicable in their development
and it provides a clear structure for the requirements and
therefore helps overcoming the identified problems.

Keywords Requirements engineering - Requirements
data model - Artifact model - Product service systems -
PSS - Hybrid products - Requirements concretization

1 Introduction

Today’s marketplace is characterized as being demand-
driven, where the demand of the customer determines the
supply of the companies [1, 2]. Customers require com-
prehensive solutions to their problems instead of defined
products or services. Thus, companies offer these cus-
tomers solutions provided as integrated bundles of hard-
ware, software, and services also known as product service
systems (PSS) or hybrid products [2, 3]. In order to offer
fitting solutions, requirements engineering (RE) has a
decisive role in the development of PSS by considering the
requirements of the customer and stakeholders holistically.
In literature and practice, a methodology for integrated RE
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with regard to hardware, software, and services that meet
the requirements of PSS is still missing [4].

Concerning PSS, RE challenges are reinforced, since the
development of integrated bundles of hardware, software,
and service components requires more effort than purely
technical products or services do. A major challenge con-
stitutes the different expectations and understandings of
stakeholders with regard to product requirements. Usually,
customers express their needs ambiguously, and thus, the
requirements are defined in a solution-neutral way. On the
contrary, the developers concretize the requirements to
hardware, software, and service components. However,
there is often a lack of traceability among the single
requirements ensuring that the concrete, solution-oriented
requirements satisfy the goals of the customer [5, 6].
Another deficit represents the conceptual gap between the
RE and different development activities that need to be
closed [7].

For this purpose, the initial requirements to the solution
have to be concretized, meaning that they need to be
translated into the language of the developers in the hard-
ware, software, and service domains. Subsequently, it must
be validated that all requirements are correctly understood
by the respective domains developing the components of
the PSS. Through the integrated development of PSS
incorporating several domains, one challenge is the crea-
tion of a common understanding of the requirements to the
entire solution, as well as that of the domain-specific
requirements. In addition to coordination problems, the
components of the PSS have different lifecycles. If, for
instance, the software is outdated faster than the hardware,
the requirements to further components, such as on certain
services, change.

This research introduces the requirements data model
(RDMod), pointing out the content of a specification in a
general way and defining structural principles for the
requirements. Moreover, it enables a categorization of all
requirements that are concretized according to the devel-
opment process. The categories describe the artifacts used
as a common basis for supporting the cooperation and
communication tasks between stakeholders. While speci-
fying the requirements incrementally and taking all
development information into account, the stakeholders,
such as customers and developers, are able to be integrated
into the development at all times, ensuring the require-
ments are correctly understood during the concretization.
Thus, tracing is possible from the initial to detailed
requirements, and vice versa. This full traceability is
guaranteed by defining predecessor and successor rela-
tionships between the requirements.

Based on a case study, we derived the requirements to
RDMod. The model was initially checked for the degree of
fulfillment of its essential requirements. Further, we
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checked specific criteria in accordance with the IEEE
recommended practice [8]. To demonstrate its feasibility in
practice, RDMod was subsequently applied in practice to
the development of a washing solution for hotels.

The rest of this paper is organized as follows. First, we
describe PSS and characteristics of RE for PSS. Next, we
give an overview of artifact-based requirement in the
related work. The research design is then outlined in sec-
tion four. In section five, we describe the development of
the RDMod, where we show the current state and chal-
lenges that appeared in the case study, derive requirements
from that and formulate a structure of the RDMod. The
RDMod for PSS is explained in section six, providing an
overview of the abstraction levels and supporting activities.
The evaluation results are described in section seven, fol-
lowed by the discussion and conclusion.

2 Requirement engineering for product service
systems (PSS)

In general, PSS pose individual solutions, creating added
value for customers by offering more functionalities and
flexibility compared with conventional products and ser-
vices [2]. On that score, the possession of the PSS is the
value resulting from the usage of integrated product and
service components. The key to successful solutions is, in
particular, the satisfaction of wishes and expectations of the
customer and stakeholders that are described in the dif-
ferent requirements [9, 10]. Thus, the product constitutes
either hardware or software elements or a combination of
both. An example for PSS: A company provides sterile
surgical instruments for hospitals; however, the customer
pays depending on the product usage. The main benefit for
the consumer is that the company provides clean instru-
ments for each operation, and they are arranged with the
schedule in order to reduce fixed costs. To achieve this, an
adequate software program has to be integrated into the
information system of the hospital. Moreover, a service
organization targeted toward individual customer needs, as
well as a shared sterilizing system that enables the coor-
dination of all sold solutions for the provider, needs to be
established. All these components are offered as an inte-
grated bundle and are hardly distinguishable from the
outside. By receiving the responsibility of the sterilizing
activities, the provider must organize his infrastructure to
cover the costs through the sale of the PSS [11].

To integrate the PSS into the organization, an overall
determination of the customer’s business processes and the
company’s support processes that are necessary for the
development and usage of the PSS is required [12].
Therefore, RE for PSS has to define the requirements,
resulting from the business processes in order to support
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the developers. In the example above, the provider of the
solution needs to know all tasks performed in the hospital
in order to offer the sterile surgical instruments at the right
time, at the right place, and to the right extent (number of
surgical instruments).

One characteristic of PSS is their modular structure. By
means of modularization, systems are flexible, since the
modules capsule a specific functionality. PSS may consist
of standardized and customized hardware, software, and
service components that indicate modules interacting with
each other. For instance, the provider of the sterilizing
solution should possess several sizes of the transport boxes,
which contain a different number of surgical instruments in
order to secure that the space in the transport vehicle can be
used according to the needs of the customers. RE for PSS
needs to concretize the requirements to the entire solution
and assign them to components.

The components of a PSS are developed by product,
software, and service engineering that have individual
understanding of requirements and several procedures for
requirements elicitation and analysis [4, 13]. To overcome
this challenge, RE must be able to create a common
understanding of the problem to be solved in all domains
and handle the requirements to the entire PSS, as well as to
the single components in an integrated and compatible
way. This means that RE should figure out the customer
requirements and translate them into the requirements to
domain-specific components of the PSS (software program,
service organization and hardware). Further, if the
requirements of one component change, the other compo-
nents are also affected.

3 Related work

In the literature, there are several approaches concerned
with the issue of requirements concretization on data level
known as artifact-based RE. Hence, this section gives an
overview about existing artifact-based approaches, which
were used as foundations for the RDMod, and highlights
the differences of the RDMod.

The Requirements Abstraction Model (RAM) of Gor-
schek and Wohlin [14] supports RE throughout the entire
development process. Its goal is to refine the initially
abstract and solution-independent requirements to software
to be developed into more detailed abstraction levels and to
offer a continuous link from the concrete requirements
back to the initial ones. The Requirements Engineering
Reference Model (REM) constitutes a methodic foundation
for the interdisciplinary development of the requirements
and system specification for embedded systems [5, 15]. The
REM is based on the differentiation by classes of
requirements (artifacts), which represent a classification-

scheme for requirements. However, the model does not
distinguish between the modes of specification for the
requirements and their contents. The Scenario and Goal
based System Development Method (COSMOD-RE) offers
a goal- and scenario-based method to support the hardware/
software co-design in the development of embedded sys-
tems [16]. The method is based on a definition of
requirements and design artifacts, describing six levels of
abstraction that increasingly concretize the requirements
and assign them to the functional groups and afterward to
the precise software components. A meta-model for an
artifact model is presented by Méndez Fernandez et al.
[17]. In their approach, a distinction is drawn between the
artifact structure, which identifies the artifacts and their
mutual relations, and the artifact content, which defines the
content of the artifact model. Therefore, the actual content
and the modes of specification of the artifacts become
separated from each other.

REM, RAM, and COSMOD-RE are concerned with the
requirements to the software, assuming that requirements
to the hardware are already given. The given artifact
models need to be extended to include the requirements
for services. This requires the consideration of interde-
pendencies and interactions between the requirements to
the technical product as well as to the services. The
approach COSMOD-RE highlights the importance of
development information for the concretization of
requirements. However, it does not provide detailed
development and requirements artifacts and therefore does
not delineate relations between them in detail. REM and
RAM, in fact, mention the significance of development
information, but do not provide any guidelines for
incorporating this information. It also remains unclear
how the levels of abstractions have been constructed. All
approaches do not consider the integration of development
information.

4 Research design

This section provides an overview of the case study and
additional activities that we conducted to develop and
evaluate the proposed RDMod as a solution for RE for
PSS. The case study was conducted at Alpha,' a German
producer of white goods. Alpha offers solutions for
customers in the B2C sector as a combination of technical
products and services. The corporate structure of Alpha
consists of divisions producing small and major electrical
appliances. The case study was located at the division
washing area that produces washing machines and dryers.
For this purpose, a development project concerned with the

' Anonymised.
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enhancement of an existing washing machine was selected.
Workshops, expert interviews, and analyses of existing
documents were applied as elicitation techniques for the
case study [18]. The documents of the investigation were
user requirement documents, functional specifications, and
guidelines for performing RE.

4.1 Development of the RDMod

The first objective of the case study performed at Alpha
was to explore the challenges concerning RE for PSS in
order to formulate the requirements to a solution-oriented
RE approach and to identify examples for its application.
Semi-standardized expert interviews were conducted by
using an interview guide (Table 4 in the “Appendix”). The
goal was to investigate the current state of RE at Alpha as
well as the potential for improvements from the experts’
point of view. The interviews were based on a semi-
structured interview guideline and some open-ended
questions that could be adjusted to the answers. During
each interview, a protocol was written, which then was the
basis for the subsequent analyses. All in all, four interviews
with two requirements analysts of the washing area
(referred to as expert | and expert Il in this paper) were
conducted in June and July 2010. Each interview lasted
between 1 and 1.5 h. In the second step, two user
requirements documents, functional specifications, and
specifications for performing RE (in the washing area)
were analyzed.

Based on the knowledge gained about the challenges in
requirements engineering for PSS in the selected division
at Alpha, existing documents were analyzed. The docu-
ments were two requirement documents, two functional
specifications, the product plan, the guidelines for
requirements engineering, and the guidelines for develop-
ment projects. The selection of documents was based on
the criteria defined by Mayring [19]. We used the research
questions for identifying the required data. Additionally, in
order to evaluate the current state of RE, questionnaires
(Table 5 in the “Appendix”) were given to three employ-
ees participating in the RE of the washing area. They were
used to assess the actual state of requirements engineering
and to supplement the results of the interviews. The
questions were created based on the findings from the
expert interviews. Finally, the results of the expert inter-
views, the analysis of existing documents, and question-
naires were presented to, and discussed with, expert | and
expert Il during a workshop to explore the results, identify
causes, and discuss solutions.

We extended the RAM [14] to fulfill the formulated
requirements. We used results from other artifact-based RE
approaches, as well as results from service engineering for
service requirements.
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4.2 Evaluation of the RDMod

In the evaluation, we analyzed the extent to which the
RDMod could solve the problems at Alpha. It was con-
ducted in four steps.

4.2.1 Analytical evaluation

The analytical evaluation is based on a description of the
strengths and weaknesses of the evaluated object by using
natural language based on logic conclusions (analytically)
[20]. To evaluate the RE approach for PSS, the require-
ments of the approach are relevant. It can be assessed if,
and how, the requirements are fulfilled. The fulfillment of
the requirements is validated argumentatively.

4.2.2 Feature-based evaluation

The feature-based evaluation is based on a definition of a
set of features characterizing the RDMod [20] and an
analytical evaluation. Applying the RDMod in the devel-
opment of a PSS results in documented requirements in a
requirements specification. According to the IEEE recom-
mended practice for software requirements specifications
[8], the documented requirements should be correct,
unambiguous, complete, consistent, ranked for importance
and/or stability, valid and current, verifiable, modifiable,
and traceable. The criteria to asses the different charac-
teristics are also provided [8]. These criteria are applied to
the resulting requirements from the application of the
RDMod. The evaluation of the criteria’s fulfillment is
argumentative. The aim of evaluation is to determine
which criteria are met by the approach and to what degree.
The quality of the resulting PSS requirements is deter-
mined by the fulfillment of these criteria.

4.2.3 Application of the RDMod

The RDMod for PSS was applied retrospectively to the
requirements of a user requirements document from the
case study. The requirements of the product requirements
document describe the PSS wash solution that supports the
washing of textiles and is maintained automatically. In
order to address the challenges identified in the RE by
Alpha, the requirements of the user requirements document
were placed according to their level of detail in the right
abstraction level and, as needed, specified by supplement-
ing further information provided by the relevant develop-
ment stage. The connections between the requirements in
the user requirements document and functional specifica-
tion through the development stages, which are represented
by the abstraction levels, were then made. The lacking
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pre- and successor requirements were similarly supple-
mented and specified according to the principles of RDMod.

4.2.4 Expert evaluation

The results of the retrospective application were presented
to two experts involved in the case study and discussed as
part of a semi-structured interview (interview guide in
“Appendix”, Table 6). The interview lasted about 56 min.
The interviews were recorded, transcribed, and analyzed
using techniques of Mayring [19].

5 Development of the RDMod

In this section, we provide details about the development of
the RDMod. First, we describe the current state of require-
ments engineering at Alpha. The current state is comparable
to other PSS providers [13]. This is followed by the existing
challenges. From the challenges, we derived requirements for
the RDMod that are specified below. Requirements for RE for
PSS can also be found in [7]. The structure of the proposed
RDMod is described in the fourth part of this section.

5.1 Current state of requirements engineering at Alpha

RE in the development process of Alpha’s washing area
involves the marketing department, the production depart-
ment, and the development department, and it is divided into
three phases (Fig. 1). In the first phase of the development,
stakeholders, especially the customers, competitors, service
provider, as well as the legislator and developers, are

identified. The ideas for the solution are collected, which are
used by the marketing department to formulate the initial
requirements to the PSS by means of checklists and existing
requirement catalogs. A user requirements document that
comprises all requirements elicited is then created. In the
second phase, the requirements, as well as the implementation
plan of the development department are adjusted and evalu-
ated by the production department. Thus, the requirements are
concretized by assigning them to certain functions that are
combined to functional structures. The solution-oriented
requirements gained in this way are finally documented in the
functional specification, the third phase. In this context, Alpha
builds on existing knowledge of the developers in order to
achieve detailed and correct requirements in several itera-
tions. Having determined all requirements, the completed
document is transmitted to the development department,
which then initiates the subsequent implementation phase.

5.2 Challenges in requirements engineering at Alpha

The following four main challenges in RE at Alpha were
derived from the expert interviews, the analyses of existing
documents, and the answered questionnaires.

5.2.1 Missing links between the requirements of the user
requirements’ document and the functional
specification

To receive the functional specification, the requirements of
the user requirements document are concretized by giving
them detailed quantitative and qualitative characteristics.
These characteristics are necessary to describe the entire

> Phase 2 > Phase 3

Phase 1
Marketing Production Development
Alternative Development
Development \ solutions
Customer — 2
\
i Existin
et — (R e o oo
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Customer /
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Requirement
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Fig. 1 Requirements engineering at Alpha

Functional
structures

Functional
specification

@ Springer



166

Requirements Eng (2014) 19:161-186

solution. In doing so at Alpha, however, the requirements,
particularly those related to the service component, were
often wrongly interpreted. Furthermore, some requirements
appeared in the functional specification that, according to
the developers, were relevant. However, their justification
was not referred to in the initial document. Considering the
concretization of the requirements, there was frequently a
lack of development information, leading to several itera-
tions of coordination and adjustment in the development
process. The links between the requirements and their
implementation were also mostly missing. As a conse-
quence, it was not possible to trace any deviations from the
requirements and their implementation.

5.2.2 Lack of transparency in the requirements of the user
requirements document and the functional
specification

Since multiple departments of the washing area participate in
the creation of the user requirements document and the
functional specification, it is important that the requirements
have a common structure with regard to their documentation
style and attributes. It is necessary to categorize all require-
ments according to their origin in order to address and man-
age them in a simple way. This was not done at Alpha.

5.2.3 Different levels of detail of the requirements

In the user requirements document, as well as in the
functional specification, we could identify requirements
whose level of detail was not in accordance with the doc-
uments or with other requirements. In this context, the level
of detail indicates how concretely a requirement is
described in reference to its quantitative and qualitative
information. Solution-oriented technical requirements were
depicted in the user requirements document, whereas the
functional specification included imprecise and solution-
neutral requirements. As a result, a complex coordination
of the requirements between the different departments
became necessary. The marketing department, working
close with the customers and other market participants,
provided very unspecific and solution-neutral requirements
to the PSS. In contrast, the development, as well as the
project management, formulated concretized solution-ori-
ented requirements in the user requirements document. As
the requirements varied in structure and content, it was
difficult to integrate and address them consistently.

5.2.4 No support of requirements traceability
The requirements of the user requirements document often

did not have links with the requirements of the functional
specification. As a consequence, the concretization of the
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initial requirements was not traceable. Additionally, the
functional specification comprised requirements that had not
been referred to in the user requirements document. This
meant that there was no justification for the existence and
implementation of the concretized requirements. Moreover,
it was not possible to validate if, and how, the requirements
were realized in the final solution. The incomplete trace-
ability of the requirements also led to a high complex change
management, as the influences of changes in the concretized
requirements to the initial customer and stakeholder
requirements were difficult to determine.

5.3 Requirements to the data model for PSS

This section summarizes the requirements to the RDMod,
which are derived from the challenges at Alpha. The cus-
tomers, as well as further stakeholders, play an essential
role within product acceptance in RE. In order to be able to
decide on product acceptance, the stakeholders have to
check how good the PSS meets their requirements.
Therefore, it is important to receive early feedback from
the customer in order to have a better understanding of his
expectations and wishes. Through a better understanding of
the customer and stakeholders about the requirements, the
iterations concerning the search for conflicts between the
requirements can be minimized. The following requirement
to the RDMod is therefore derived:

Requirement 1 The RDMod for PSS must allow com-
municating the requirements to the customer and other
stakeholders during all phases of RE in order to advance a
common understanding of the solution to be developed.

The initial requirements to the PSS, which are solution-
neutral and unspecific, have to be concretized to allocate
detailed information to the domains, developing single
components. This would suggest providing a knowledge
database, which comprises the vague requirements and
their derived solution requirements to the domain-specific
components of the PSS. Thereby, each step of the analysis
should be traceable. From these findings, the requirement
to the RDMod is:

Requirement 2 The RDMod for PSS must concretize the
initial requirements to the PSS step by step, in such a way
that they can be assigned to particular domain-specific
components.

Oftentimes, conflicts between the requirements arise
which are characterized by inconsistencies. Such conflicts
can occur between the requirements to a single domain-
specific component, thus within a single domain, and
between the requirements to different domain-specific
components (such as between the requirements to the
hardware and service components), thus between different
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domains. Apart from these, conflicts between initial and
solution-oriented requirements can also emerge. All of these
conflicts have to be identified and resolved. From this, we can
formulate the following requirement to the RDMod:

Requirement 3 The RDMod for PSS must identify and
resolve conflicts between the requirements within a single
domain, as well as between multiple domains.

Existing domain-specific approaches do not provide the
possibility of determining interdependencies between the
requirements of different components. This is, however,
necessary for an adequate change management to identify
dependent requirements. If one requirement changes, it is
often the case that related requirements also have to be
adapted. Accordingly, the interdependencies between the
requirements have to be captured. Furthermore, the RDMod
should facilitate tracing all information on the requirements
during the entire development process. Thus, the require-
ment to the RDMod is:

Requirement 4 The RDMod for PSS should support
tracing the requirements to the PSS from their origin to
their detailed description during all phases of the devel-
opment process. In addition, the interdependencies
between the requirements of a single domain, as well as
that of different domains, should be highlighted.

Closely linked to requirements traceability is change
management. It identifies and handles the effects of chan-
ges of the domain-specific requirements to further solution
requirements of the domain being considered and other
affected domains, or on the initial requirements. Also, the
impacts of changes of the initial requirements to the solu-
tion requirements have to be taken into consideration.
Therefore, the following requirement is:

Requirement 5 The RDMod for PSS must collect all
changes in the requirements and their effects on domain-
specific solution requirements and on initial requirements.

Before the requirements are transmitted to the devel-
opment, they are communicated to the customer and
stakeholders in order to guarantee high quality of require-
ments. This is part of the validation task, ensuring that all
initial wishes are fulfilled by checking the solution
requirements of the hardware, software, and service com-
ponents for consistency, complementarity, and accuracy. It
should thus be noted that this activity needs to be per-
formed not only at the end of the RE process but also
continuously during all development phases until the
requirements are transferred to the functional specification.
It therefore follows that:

Requirement 6 The RDMod for PSS supports validating
the requirements continuously during all phases of the

development process until they are transferred to the
functional specification.

5.4 Structure of the requirements data model

The RDMod separates requirements into artifacts and is a
scheme for the concretization of requirements that defines
how the requirements incrementally become more detailed
with respect to the levels of abstraction across the devel-
opment phases and how they receive technical features and
characteristics [7, 14—17]. The artifacts are structured in the
RDMod and get modified by the RE activities [5]. The
RDMod determines the artifacts and relates them to each
other. It also supports the RE by structuring the require-
ments according to the levels of abstraction and enables
concretizing the abstract initial requirements to detailed
requirements step by step [14]. By structuring the
requirements into artifacts and their incremental concreti-
zation in the development process of PSS, the RDMod
enables tracing from the initial requirements to the more
detailed and final solution-oriented requirements to the
PSS. Through the structuring of the requirements and
development information to artifacts, it is possible to
classify them uniquely according to their content. For this
reason, artifacts represent classification categories, which
can be decomposed hierarchically. To fulfill the require-
ments summarized in the previous section, the following
structure for the RDMod is proposed (Fig. 2).

The RDMod consists of artifacts representing the results
of the RE activities. An artifact is defined as a piece of
information that results from a development activity, which
has previously defined characteristics. The aggregation of
the information into artifacts should have a defined gran-
ularity and be carried out within activities of the devel-
opment process. An artifact likewise defines the mode of
presentation for the requirements and the development
information. A level of abstraction contains requirements
and development information providing the details neces-
sary for the same step of development [7]. Its objective is
to describe a certain issue of the development process (e.g.,
requirements elicitation), which is achieved by omitting
different details. The artifacts are distinguished in
requirements artifacts and development artifacts. The
requirements artifacts include the requirements to PSS
based on predefined categories following the specifications
of the development process. An example is the require-
ments to the solution provider (contractor). The require-
ments artifact indicates to what extent characteristics of the
requirements of the solution provider can be combined to
one artifact and determines the attributes for these
requirements. Each requirement of the requirements arti-
fact has attributes that identify the requirement and clearly
describe its content and characteristics [21]. To facilitate
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Fig. 2 Structure of the
requirements data model

| Level of Detail

| |

| Abstraction Level

I Requirement Artifact Bundle
1

Artifact

Relation |

I

I
I

Requirement Artifact

their handling, the requirements artifacts are combined to
bundles of requirements artifacts. For concretizing and
structuring the requirements, development information is
needed that supports the integration of RE into the devel-
opment process. The development artifacts are geared to
the phases of the development process and summarize the
development information, since they are necessary for
requirements analysis, concretization, validation, or trace-
ability. Just as with the requirements artifacts, they are
assigned to the levels of abstraction.

The structuring of the artifacts in taxonomies allows
detecting the relationships between the single categories of
requirements or development information. During the
concretization of the requirements, explicit as well as
implicit development decisions have to be considered [21].
Hence, the requirements and the development information
have to be specified in an iterative-incremental way.

In the iterative-incremental development [16], the arti-
facts, including requirements and development information
and that being created in the iteration i, have a significant
impact on the artifacts of the next iterations (i 4+ 1), up to
the final iteration n. In each step, the artifacts comprising
the requirements, as well as the artifacts comprising the
development information, which both have been created in
former iterations, are supplemented, detailed, or revised.

The idea of this concept is that the requirements of the
level of abstraction i are concretized iteratively by the
requirements of the level of abstraction (i + 1). The iter-
ation is completed when the requirements of the level of
abstraction (i + 1) have reached the required level of
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1
Development Artifact |

detail. In order to be able to concretize the requirements,
the development information of level i is used. The con-
cretization is distributed in the proportion n:m. This means
that a requirement assigned to the level of abstraction i can
be concretized by m requirements of the level of abstrac-
tion (i + 1), whereby a requirement belonging to the level
of abstraction (i 4+ 1) can have its origin in n requirements
of the level of abstraction i.

6 Requirements data model for PSS

The artifact model for the requirements of PSS consists of
five levels of abstraction, being in accordance with the
phases of the development process. The levels of abstrac-
tion have been chosen following the Requirements
Abstraction Model of Gorschek and Wohlin [14]. An
overview of the RDMod is presented in Fig. 3 and is fur-
ther explained according to the different levels in the next
sections. In Sect. 6.6, we provide activities that support the
use of the RDMod.

6.1 Level of abstraction 1: goal level

The development of PSS as integrated bundles of technical
products and services is based on the idea that customers
expect a solution for their existing problem, which is the
fulfillment of their needs. The needs and wishes of the
customer with regard to the PSS play an important role for
the design and development of a solution. Before starting
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with the tasks of requirements elicitation and management,
the goals and expectations of the customer with regard to
the PSS have to be collected in order to be able to deter-
mine the right stakeholders and therefore the right

|:| Requirements Artifacts Bundle

requirements [22]. In this context, the goals define the view
and intentions of the customer and the contractor in terms
of the PSS to be developed. By concretizing the goals,
requirements result that characterize the target properties
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of the system [23]. The goals are presented in two
requirements artifacts, namely, business goals of the cus-
tomer and business goals of the contractor, both of which
belong to the goal level and are combined to the bundle of
requirements artifacts business context. The goal level
itself, however, does not possess any development artifacts,
since the goals are not part of the development process.

6.1.1 Business goals of the customer

The goals of the customer constitute the artifact business
goals of the customer, which illustrate the purpose of the
PSS from the customer’s point of view. As example, a
hotel requires the delivery of clean laundry from the
solution provider. Therefore, information on the realization
or the usage of the PSS is not available at this point of time.
Only the wishes of the customer are expressed.

6.1.2 Business goals of the contractor

In addition to the request of the customer, the contractor
(solution provider) also has certain goals that are related to
the offered PSS and delineated in the requirements artifact
business goals of the contractor. They describe the pur-
pose, as well as the expectations, regarding the PSS from
the perspective of the solution provider. This shows that the
goals of the customer and those of the contractor are not
interdependent, but strongly influence each other. In order
to ensure the absence of conflicts, the solution provider has
to consider the goals of the customer. However, the goals
of the contractor should also be known by the customer to
define his goals in a realistic way. This requires commu-
nication between both parties not only to be able to
understand the goals of the customer but also to formulate
and adapt the goals of the contractor.

6.2 Level of abstraction 2: system level

Having identified and clarified the goals of the customer
and the contractor, the requirements to the entire PSS (PSS
requirements bundle) have to be elicited and structured in
the system level. This level comprises solution-neutral
requirements. They are the expectations and ideas of the
stakeholders with regard to the development and usage of
the solution. PSS requirements are formulated from the
perspective of the customer or the contractor and refer to
the PSS itself and its general functionalities in order to
provide a high added value for the customer. The
requirements artifacts of the system level are described by
the artifact bundle PSS requirements, including customer
and stakeholder requirements, business process require-
ments, environmental requirements and contractor
requirements. Each PSS requirement of the system level is
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derived from one or more goals and therefore has a direct
link to the goal level. This means that a goal of the goal
level is concretized by several PSS requirements of the
system level, and a requirement of the system level, in turn,
concretizes a set of goals of the goal level. If requirements
of former projects are reused, their level of detail has to be
checked for suitability. In the case where there are no
conflicts between new and the existing requirements, the
latter ones can be adjusted and placed in the abstraction
levels.

6.2.1 Customer and stakeholder requirements

In this context, the requirements artifact customer and
stakeholder requirements unites all these requirements,
which generally expresses wishes, ideas and expectations
of the customer, as well as customer-related stakeholders
with respect to the PSS and its added value for the
customer.

6.2.2 Business process requirements

The final product should be integrated into the customer’s
value-added process, meaning the existing system land-
scapes and processes, as well as into the customer’s utili-
zation, development, and business processes [24].
Therefore, the provider of the PSS needs to have detailed
knowledge about the customer’s processes in order to
guarantee a successful integration of the PSS into the
customer’s environment and essential business processes.
The requirements of the artifact business process require-
ments are determined by these business processes being
relevant to the subsequent integration of the PSS.

6.2.3 Environmental requirements

In contrast, the development and later usage of a system are
influenced by the requirements originating from the system
environment. According to the IEEE recommended prac-
tice for software requirements specifications [8], the system
environment is affected by the market, the society, the
organization, laws, and technical standards. Hence, the
requirements elicitation considers laws and guidelines,
consumer associations, the society, business partners such
as suppliers, available technologies, the market or com-
petitors [25]. These requirements are included in the arti-
fact environmental requirements.

6.2.4 Contractor’s requirements
Apart from the requirements mentioned above, the con-

tractor (solution provider) has certain requirements to the
PSS, which are described in the artifact contractor’s
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requirements. Similar to the customer and stakeholder
requirements, they imply general wishes, ideas and
expectations, and further constraints on the provision and
usage of the PSS being imposed by the contractor and
contractor-related stakeholders, such as the development
department, the marketing and sales department or main-
tenance and repair services.

6.3 Level of abstraction 3: feature level

The feature level identifies and characterizes the goods and
services of the solution based on the PSS requirements. It
structures the PSS into functions and combines them into a
bundle of functional structures by using the PSS requirements
of the system level. The objective is to divide the PSS
requirements into material (technical product) and immate-
rial (services) components. The feature level consists of five
artifacts: the development artifact system design and the four
requirements artifacts of the design requirements bundle.
contains the product requirements and the three service
requirements artifacts: result-oriented requirements, process-
oriented requirements and resource-oriented requirements,
which are characterized by the result-oriented, process-
oriented and potential-oriented dimension [25].

Each design requirement of the feature level is directly
ascribed to one or more PSS requirements of the system
level. Consequently, there exists a many-to-many (n:m)
relationship between the PSS requirements and the design
requirements. This means that a PSS requirement of the
system level is concretized by several design requirements
of the feature level, and a requirement of the feature level
has its origin in multiple PSS requirements of the system
level. As in the case of the goal and system level, the
requirements of the design level mutually influence each
other. This aspect has to be considered within requirements
concretization, by including the already identified design
requirements of the feature level in the elicitation of further
requirements belonging to the feature level.

6.3.1 System design

The material and immaterial elements of the PSS belonging
to the selected part of the environment are identified and kept
in the system design. In this connection, the system design
represents the cross-domain concept for the realization of the
requirements to the PSS, which describes the features of the
PSS. Thus, it indicates the technical products, the combina-
tion of hardware and software elements, and services of
which the PSS consists. The system design is created by the
development activities and is composed of two main parts.

System context This part of the system design delineates
the environment of the PSS and defines the system

boundary, which separates the PSS from its environment
dictated by the system context.

Functional structures The second part of the system
design determines the features of the PSS. Thereby, the
overall functionality of the PSS is expressed by features
specified in this level of abstraction (feature level) and
divided further in the function level, the next level of
abstraction. In general, functional structures represent
functional relationships in the form of a function hierarchy.

6.3.2 Product requirement

The requirements artifact product requirements specifies
the requirements to hardware and software. We use a
general taxonomy of product requirements related to the
feature level [22, 23, 26, 27] that is illustrated in Fig. 4.

Technical functionality and behavior The requirements
of the category technical functionality and behavior reflect
the expected behavior of the technical product during the
provision or usage of the PSS from the technical view.
They include the tasks that should be fulfilled by the
technical product in order to satisfy the stakeholders with
the entire solution.

Legal requirements The requirements of the category
legal requirements comprise inter alia laws, regulations,
and guidelines on the technical product [2, 26].

Economic requirements The third category, economic
requirements, is related to price as well as costs and risks
aspects, which occur during the provision or usage of the
technical product.

Quality The requirements of the last category, quality,
provide data on the quality of the technical product, such as
availability, efficiency, internationalization and flexibility
of the product deployment or reusability [28-31].

6.3.3 Result-oriented requirements

The requirements of the artifact result-oriented require-
ments specify the tangible and intangible outcome of ser-
vices. They offer objective and time advantages for the
customer [32]. Since the output of a service depends on the
individual customer requirements being expressed in a
specific form, it is not possible to provide a taxonomy for
result-oriented requirements.

6.3.4 Process-oriented requirements
The requirements of the category process-oriented

requirements provide information on the service design and
its activities [25, 32]. Although the customer constitutes the
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Fig. 4 Taxonomy of the product requirements related to the feature level

triggering factor for the process for being able to offer the
service, the service provider is also involved during the
entire process. Figure 5 shows a taxonomy of the process-
oriented requirements to services that are based on certain
criteria extracted from [27].

Process design The requirements of the category process
design include the activities necessary for the provision of the
services: the progression of the individual activities, the exact
description of the steps, as well as the input and output values
that are necessary for the execution of the activities. Cus-
tomization is for the easy and safe provision of the service for
clients. The efficiency and productivity include descriptions
of the expected process services and service provision. The
level of automation of the services and sub-processes is
described in the degree of automation. The service process
has to be transparent and for the involved stakeholders. The
requirement at flexibility describes the level of adaption of the
service on the terms that are applied.

Interaction Another category is the interaction—indi-
cating the interfaces to the business processes of the cus-
tomer and the contractor—while offering the services [33].
The human interaction refers to the interaction between the
involved persons and the service provider. Thus, a client is
the co-producer of the service and has to give his ideas and
wishes to an employee of the service provider. The inter-
action also involves the description of language and culture
as well as the description of required information.

Timing The timing category comprises requirements to
the availability of the services, such as the guarantee of
repair services for washing machines. The requirements at
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the transfer times (areal distance to the service location),
processing times (necessary activities to the provision of
the service), transaction times (time period to the actual
service provision), and response times (time period to the
service provision) deliver descriptions of the relevant time
aspects to the client that are related to the service. If the
service requires any material components that have to be
delivered, the requirements at the delivery times are
determined.

Reliability The requirements to quality management are
assigned to the fourth category, the reliability. They define
the conditions for the services so that the customer is sat-
isfied and perceives an added value [10, 34].

6.3.5 Resource-oriented requirements

For offering a service, several potentials such as human
resources or machines are needed [32]. The requirements
of the artifact resource-oriented requirements summarize
important resources that are illustrated in the form of a
taxonomy in Fig. 6.

Human resources The category human resources con-
tains requirements defining the characteristics of the human
capital that is needed for the fulfillment of the services.

Facilities The facilities, in contrast, imply the require-
ments to the locations, areas, buildings, and establishments
where the services are offered.

Equipment The category equipment involves the
requirements to the technical equipment in order to provide
the resources necessary for the service performance [35].



Requirements Eng (2014) 19:161-186

173

Process-oriented requirements

— Input and output values

Working conditions

Customization

Degree of
externalization

Efficiency and
productivity

Degree of automation

Transparency and
clarity

Flexibility

— Language and culture

Processing times

L— Information

Transaction times

Response times

Delivery times

Fig. 5 Taxonomy of the process-oriented requirements related to the feature level

Resource-Oriented Requirements

Process design Interaction Timing Reliability
— Sequence — Interfaces — Availability Quality management
Steps Human interaction — Transfer times

Fig. 6 Taxonomy of the resource-oriented requirements related to the feature level

Human Resources Facilities Equipment Material Information Capital Legal Requirements

—{  Capacity — Locations ETeqhnicaI l—{ Raw Material l— Communication Laws, Licenses
quipment and Patents

B ‘Budng Equpment — aws | Mo “Seal of Gulty

|— Labor Time L—{ Establishments — ON‘I):{:::;'Q L yf:ﬁfﬂigﬁg

— Work Contents

— Remuneration

@ Springer



174

Requirements Eng (2014) 19:161-186

Material Closely linked to the last category is the
material, which is related to the services, and comprises the
requirements to raw material, auxiliary material, and
operating material.

Information The information on the design of the com-
munication between all parties involved, on the data
exchange documented in, for example, reports, as well as
on the applied technologies and methods, is also considered
in service development [27].

Capital The capital is a further category which describes
the requirements to available capital and costs associated
with the services [36].

Legal requirements Legal requirements have their ori-
gin in laws, licenses, patents, or certifications [25].

The requirements of the different categories have strong
connections, and it must always be checked during
requirements elicitation if the requirements of these cate-
gories restrict or influence each other. In doing so, it might
happen that additional details of one requirement are
essential for other requirements and must therefore be
derived.

6.4 Level of abstraction 4: function level

In the development process of the PSS, the functional
modeling for the hardware, software, and services takes
place as part of the product concept. The function level
structures the technical product and the services in func-
tions and combines them to functional structures by using
the design requirements of the feature level. The aim of the
function level is to decompose and specify the main
functions of the system design (created in the feature level)
in such a way that they can be assigned to the single
components of the PSS. This is achieved by using the
development artifact functional structure design as well as
the four requirements artifacts detailed product require-
ments, detailed process-oriented requirements, detailed
result-oriented requirements and detailed resource-
oriented requirements, which are combined to the artifact
bundle function-structure requirements.

6.4.1 Function-structure design

The function-structure design considers functionalities of
the technical product and the services. Based on these
functionalities, it is possible to specify the components of
the solution. In this context, the iterative decomposition
takes place unless all functions are assigned to a well-
defined hardware component, to a software component, or
to a service.
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6.4.2 Function-structure requirements

The function level represents the concretization of the
design requirements related to the feature level for the
single functions of the functional structural design. Con-
sequently, the function-structure requirements comprise
the functionalities of the domain-specific components, such
as hardware, software, and services, and thus establish the
basis for the complete identification of these components
on the component level.

The design requirements of the feature level are used to
split the main functions of the system design by making
available detailed information on technical products and
services, such as functionality or the technical quality of
the product or services. This information is used to split the
main functions into sub-functions, which describe the
specific tasks that the components of the PSS must fulfill.
The functions obtained by the decomposition describe the
functionality of the domain-specific components. By
breaking down the main functions, the design requirements
of the property level are specified, and they become more
detailed regarding the design and functionality of the var-
ious domain-specific components. In this way, the detailed
requirements to PSS’s components can be created. The
technical product’s detailed requirements are summarized
in the requirement artifact detailed product requirements.
The services’ detailed requirements that describe the
functionality of the services are summarized in the
requirement artifacts detailed process-oriented require-
ments, detailed results-oriented requirements and detailed
resource-oriented requirements.

For detailed service requirements, the taxonomies are
the same that have been defined within the feature level
(Figs. 3, 4, 5). In the specification, the requirements are
detailed according to these categories of the taxonomy with
the help of the functional level functions that describe the
services. For detailed product requirements, the existing
taxonomy is expanded by the category product design. The
requirements of this category are assigned to describe the
physical and tactile qualities of the technical product,
taking into account the functions that define the function-
ality of the components of the technical product. For this
example, the requirements include the stability, esthetics,
geometry, kinematics, ergonomics, acoustics and strength.

Each function-structure requirement of the functional
level is directly attributable to one or several design
requirements of the property level. This means that a
design requirement of the feature level is specified by
multiple function-structure requirements of the function
level, and a function-structure requirement of the function
level specifies several design requirements of the feature
level.



Requirements Eng (2014) 19:161-186

175

6.5 Abstraction level 5: component level

The objective of the component level is to structure the
PSS in domain-specific components based on the function-
structure requirements and the functions of the function-
structure design, and to show this in a preliminary design.
Furthermore, the component level describes the specifica-
tion of function-structure requirements for each component
of the PSS. At the component level, the development
artifact preliminary design and the requirement artifacts
product engineering requirements, software engineering
requirements, and service engineering requirements can be
distinguished. The requirement artifacts are summarized in
the requirements artifact bundle domain requirements.
Each domain requirement of the component level is
directly attributable to one or more function-structure
requirements of the functional level. This means that a
function-structure requirement of the functional level is
specified by several domain requirements of the component
level, and a domain requirement of the component level
specifies several function-structure requirements of the
functional level.

The preliminary design shows the distribution of the
PSS in hardware, software, and service components. The
preliminary design details the system design which was
defined at the system level by taking the functional struc-
ture design with the functions and the solution-oriented
function-structure requirements of the functional level into
account. The domain-specific components that are con-
tained in the preliminary design are abstract, that is, logical
components. The preliminary design is thus a logical
architecture of the PSS [37].

6.6 Supporting activities

In the following section, we describe the activities that are
essential for the use of the RDMod in the development
process (Fig. 7). Since the basic activities: specify (elicit),
place (analyzing what level a requirement is on and placing
it on the level), and abstraction (work-up) are described by
Gorschek and Wohlin [14], we focus on activities that are
additionally necessary for the development of PSS systems.

6.6.1 Conflict detection and resolution

A conflict between the requirements appears when the
stakeholder’s needs for the system that has to be developed
are controversial to each other. Clearly, not every stake-
holder’s needs and wishes could be considered. The aim of
the requirements negotiation is the identification of con-
flicts, analysis of possible causes, closure of conflicts with
suitable strategies and the documentation of the closure if
conflicts arise, including the reasons for them [16, 27].

6.6.2 Creation of the functional structure

For the creation of the functional structures, the concept of
functional modeling [38] is applied. For the refinement of
functions in terms of complex products, the PSS require-
ments and the main functions comprise the input for building
the functional structures. During modeling, the functions
get aligned and are presented graphic based. A design
structure matrix (DSM) is used to identify the causal inter-
dependences between the functions and to find out what
functions are needed to implement other functions. In the
case of causal interdependences between the functions, they
are specified in the matrix. In this way, the order of the
functions is determined. The initial PSS requirements and the
existing functional structures determine the functionality of
the products and services for the development. Every func-
tion is to be defined whether it should be realized either by a
service or by a product. For services, the dimensions of
capability, process and result need to be considered. Thus, an
entire functional structure is developed that describes the
functionality of the PSS and classifies the functions referred
to services and products. In the case that a realization of a
function is not clearly related to a service or a product by the
development, the functional structure has to be refined, that
is, the functions need to be broken down into further func-
tions, new functions have to be added or functions have to be
removed. The steps are repeated for the generated functional
structure until a complete functional structure exists [38].

6.6.3 Assigning requirements to material and immaterial
components

The PSS requirements of the feature level are split into
material and immaterial components. Interviews, use cases,
scenarios, or formal models can support the concretization
[9], and thus, the requirements model with concretized
design requirements is the result. By involving the infor-
mation of the functional structure, a requirements model is
built which considers the concretization of the PSS
requirements. This means that the information, whether a
service or a product realizes a function, is considered in the
requirement. Thus, the requirement is described more
concretely the requirements get broken down, get removed
or substituted by new requirements to concretize them.

6.6.4 lterative concretization of design requirements

The concretization of the design requirements ends up in
the functionality structure. The goal is to build the base for
the architecture of the PSS by concretizing the require-
ments and refining the functions. The requirement model
and the functional structure build the base for the iterative
concretization of the requirements.
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First, the requirements are related to the functions, and
based on that, a Domain-Mapping-Matrix (DMM) that
illustrates the relation is initiated. Next, the matrix-based
analysis is implemented that calculates the passive sum
(column sum of requirements) and active sum (row sum of
functions). If a design requirement is related to more than
one function (passive sum of a function[ 1), then the
requirement is to be concretized. Concretize means to
refine or remove the requirement or add a new requirement.
Afterward, the steps are repeated. The requirements are
concretized until the passive sum equals 1, which means
that the concretized design requirement can be related to
exactly one function. If a passive sum of a requirement
equals 0, it means that the requirement is dispensable and
that there are no functions related to the requirement. If the
active sum of a function equals 0, it means that there are no
requirements related to the function. Both circumstances
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alert to a false concretization of requirements or refinement
of functions and should lead to an analysis by the devel-
opers. It has to be checked whether the predecessor
requirement has to be re-concretized or the predecessor
function has to be re-refined. The output of this activity is a
requirements model that structures concretized require-
ments (functional structure requirements) hierarchy.

6.6.5 lterative refinement of functions

The requirements model with functional structure require-
ments is set, after which the functions are to be refined. The
requirements that are worked out and placed in the
requirements model have to be related to functions, and a
matrix-based analysis needs to be conducted. If one func-
tion can be related to more than one requirement (active
sum of a function[ 1), the function has to be refined. Thus,
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a homogeneous level of abstraction for functions and
requirements is achieved. Defined by the refining of func-
tions, a hierarchy of functions arises, which describes the
functionality of the PSS, starting with abstract up to more
and more specific functionalities. During the concretization
of the requirements in iterations the requirements are
related to the new functions.

7 Evaluation of the requirements data model

The evaluation should show if the RDMod which was
developed in this work and that uses the methods and
criteria for evaluation is suitable for the development of
PSS, thus solving the initial problem and showing the
application potential of the developed approach.

7.1 Results of the analytical evaluation

The purpose of the analytical evaluation is to describe the
strengths and weaknesses of the object to be evaluated in
natural language and based on logical conclusions [20]. For
the evaluation of the RDMod, the requirements to the
concept (see Sect. 5.3) are used. The evaluation is carried
out argumentatively. The results are summarized in
Table 1.

Requirement 1 The structuring of requirements into arti-
facts and the related taxonomies allows the presentation of
the requirements to the customers and other stakeholders in
a manner organized by relevant subjects and thus leads to
focused discussions. Through the gradual concretization of
requirements and their documentation in accordance with
the phases of the development of PSS, it is possible to
agree and validate the requirements in each stage of
development with customers and stakeholders. This allows
the feedback of customers and stakeholders (other
domains) to be iteratively obtained and considered in short
intervals through the phases of development.

Requirement 2 Specifying abstraction levels supports the
analysis and specification of requirements in line with
the development steps of PSS. In every concretization step
the appropriate development information is taken into
account, resulting in a seamless integration of requirements
into the development process. The abstraction levels pre-
vent the mixing of different levels of detail. They record

Table 1 Fulfillment of requirements for the RDMod

the stage in which the development requirements are cre-
ated, and make it possible to keep the level of detail in each
abstraction level consistent. Through the specification of
requirements artifacts, it is possible to structure the
requirements in solution-oriented categories and to record
more concrete and detailed information about them. Hence,
the feedback of the customers can be iteratively gathered
and considered throughout the phases of the development.

Requirement 3 The requirement artifacts structure the
requirements by categories, making it possible to search for
conflicts by theme. The causal relationships between the
functions of the functional level support the identification
of conflict by looking for conflicts between the require-
ments that are assigned to the inter-related requirements.
Thus, it is possible to identify both conflicts between
domain-specific requirements, as well as between the
requirements belonging to different domains.

Requirement 4 Each requirement in the abstraction level
i is derived from one or more requirements of the
abstraction level (i — 1). There are no requirements, except
for the goals that have no previous requirement. For the
goals, the stakeholders’ expression of the original goal is
given instead. Similarly, one or more requirements of the
abstraction level (i + 1) are derived from the requirements
of the abstraction level i. Thus, through all development
steps it can be traced which requirements were derived
from other requirements. The functions and their associated
requirements furthermore offer the possibility to determine
the corresponding interdependencies between the require-
ments using the causal dependencies between functions.

Requirement 5 Change management is connected closely
with requirements traceability. By ensuring requirements
traceability, it is possible to determine the changes that a
change in a requirement will make in the predecessor and
successor requirements. When the changed requirements
are allocated to functions of the functional structures, the
causal dependencies between the functions can support the
identification of the impact of requirement changes on
other requirements.

Requirement 6 By structuring the requirements into arti-
facts, it is possible to validate the requirements in each
concrete step that takes place in accordance with the
development steps. The requirement artifacts and taxono-
mies determine the categories for the coordination of

1. Consistent 2. Support of 3. Support of 4. Support of 5. Support of 6. Support of
communication requirements requirements requirements change requirements
of requirements analysis negotiation traceability management validation

(4 4 4 v v v
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requirements. It is thus also possible to find relevant
stakeholders for the validation of each category of
requirements.

7.2 Results of the feature-based evaluation

The RDMod was evaluated according to the characteristics
of a good software requirement specifications as provided
in the IEEE recommended practice for software require-
ment specifications [8]. According to that, a characteristic
is fulfilled if all criteria that are provided in the recom-
mended practice are fulfilled. The results of this feature-
based evaluation are described in the following.

A requirement is unambiguous if it can be understood by
the stakeholders in only one way. The RDMod describes
the abstraction levels, requirements artifacts and their
connection to the phases of the development process of
PSS. An abstraction level gives content that is created by
the development’s progress and by which the requirements
are specified. The individual requirement artifacts also
provide content, but are based on different categories of
requirements. These categories allow the specification of
the requirements as well.

A requirement is correct if it adequately represents the
wishes of the stakeholders. The RDMod offers the possi-
bility of tracing a requirement from its origin (in the first
abstraction level) through the development process phases
to the domain-specific requirements for the components (in
the last abstraction level). The correctness of the require-
ments can therefore be checked at each stage of
development.

A request is consistent if it contains no contradictions
with any other requests. The RDMod allows the initial
requirements (target level) to track down the domain
requirements for the components of the PSS through the
development phases on the basis of the requirement arti-
facts and vice versa. When identifying a conflict between
two requirements, it is possible to trace these requirements
to the conflict-free requirements from which they were
derived. This supports the identification of the cause of the
conflict in order to resolve it. With the assignment of
requirements to the functions that describe the functionality
of the future product and by specifying the dependencies
between functions, the search for conflict can be supported
by having the dependent functions imply that those
requirements assigned to them may create a conflict.

A requirement is modifiable if it can be implemented
within the defined framework conditions. By structuring
requirements in requirements artifacts in line with the
development steps, they can be validated step by step by
the stakeholders and developers with respect to their pos-
sible implementation. The requirements can be reviewed
regarding their further development by including the
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development information in each step of the requirement
specification.

A requirement is traceable, and its implementation and
the interdependencies with the other requirements are
observable. By gradually specifying the requirements from
goals to domain requirements for the components, it is
ensured that the relationship of each requirement to its
predecessor and successor requirements is recorded. The
requirements engineering approach additionally ensures
that a new requirement can only be inserted in the RDMod
when corresponding requirements in the upstream
abstraction level are inserted as well. In addition, the newly
inserted requirement has to be refined down to the com-
ponent requirements. This will ensure that for every
requirement all relationships to upstream and downstream
requirements are recorded.

A requirements specification is complete if it describes
the required functionality of the PSS completely. The
RDMod structures the requirements into requirement arti-
facts, which define the categories for the requirements.
This allows the requirement artifacts to be used as a guide
for the structural determination and specification of
requirements. The predefined taxonomies and artifacts can
also be used as a checklist to verify completeness.

A requirement is ranked for importance and/or stability
if the stakeholders can assess it according to its importance
or relevance. The requirement artifacts and taxonomies
support the prioritization of requirements by defining the
thematic categories that make it possible for the stake-
holders to focus on certain aspects of prioritization.

A requirement is valid and current if it is acceptable in
the context of the considered system context; a requirement
is verifiable if the function that it describes is testable and
measurable. The RE approach gives no information about
these two characteristics. Thus, the approach does not
check whether a requirement is valid and current. Like-
wise, no information on the testability of requirements is
given. However, the specification of requirements down to
domain requirements is supported so that initial abstract
requirements can be translated into concrete requirements
that developers can understand. Table 2 summarizes the
results. Therefore, a characteristic is marked as fulfilled if
all criteria from the IEEE recommended practice for soft-
ware requirement specifications [8] are fulfilled.

7.3 Results of the feasibility study

We applied the RDMod to the requirements from the
completed development project wash solution from Alpha.
The application of the RDMod is shown using example
requirements. Since the requirements in the user require-
ments document contained typical abbreviations and area-
specific formulations for the washing area from Alpha, they
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Table 2 Results of the feature-based evaluation

Unambiguous Correct Consistent Modifiable Traceable Complete Ranked for importance and/or Valid and Verifiable
stability current

v v v v v 4 4 - -

have in the following example been prepared accordingly, = FA; (Detailed product requirement) The washing

having been made anonymous and redrafted for better
understanding.

A; (Product requirement) The washing machine has to
fulfill all safety regulations, even if it is built-in or propped

up.

The requirement describes the technical product and
thus belongs to the feature level. These are requirements to
the technical product (washing machine), which are sum-
marized into the requirement artifact product requirements
and bundled together by design requirements. The
requirement A; belongs to the category safety. This
requirement is technical and concrete. The exact reason for
its existence, and thus the goals and requirements of the
customers it meets, is missing here. It is unclear which
requirements for the entire PSS are responsible for this
requirement. However, since the principle of requirements
traceability has to be ensured, the missing requirements
have to be supplemented into the upstream system and
target levels, as well as in the downstream functional and
component levels. Here, the requirement A; was worked up
and assigned to the PSS requirements PA; and PA,.

PA; (Customer and stakeholder requirement) The solu-
tion must not be a safety risk for humans.

PA, (Environment requirement) The solution should be
within the EU’s safety regulations.

The requirement PA| belongs to the category safety, and
the requirement PA, belongs to the category regulations and
guidelines. The goals of the PSS were worked up based on the
PSS requirements. PA; was assigned to Z, and PA, to Z,.

Z, (Business goals of the customer) The solution should
be easy to use.

Z, (Business goals of the contractor) All relevant safety
guidelines of the EU must be met.

Furthermore, the successor requirements (functional
requirements and structural component requirements) are
derived for the initial requirements of the user requirements
document. The requirements FA; and FA, are the initial
requirements of the user requirements document, which are
attributed to the function level due to their level of detail
and description, and are justified by the requirements of the
user requirements document.

machine must be lockable in order to keep children from
using it.

FA, (Detailed product requirement) The washing
machine manual has to include information on possible
risks during usage.

The requirements FA; and FA, belong to the category
safety; the requirement FA; refers to the function
parental control; and the requirement FA, refers to the
function washing. These requirements are specified and
then assigned to the components. Thus, the requirement
FA, is specified by the requirement DoA; to the case.
The requirement FA, is specified by the requirement
DoA, to the manual. The requirement DoA, originates
from the existing product requirements document and is
placed according to its level of detail and by indicating
the connections to the requirements of the functional
level.

DoA; (Component: box of the washing machine) The
software should lock the door automatically.

DoA, (Component: manual) A manual is offered that
describes each step of the usage and maintenance of the
washing machine.

Figure 8 shows an excerpt of the described abstraction
levels and the associated requirements. The arrows sym-
bolize the concrete steps. If a requirement is concretized
(arrows) all resulting requirements together should satisfy
the original requirement rather than just satisfice it in the
sense of “good enough” [39].

7.4 Results of the expert evaluation

After applying the RDMod to the requirements, a semi-
structured interview (Table 6, “Appendix”) was performed
with the two experts. The purpose of the interview was the
assessment of the RDMod by the experts. It was stated by
the interviewees that the RDMod for PSS was well suited
to structure requirements and supported the stakeholders
during the coordination of the requirements. Expert Il
reported: “In general an awareness is just being developed
[at Alpha] that requirements have to be structured, divided
into specific phases and traced. Consequently, we are
relatively close to your approach.”
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Goal Level

’ ‘ ’ Z, (Business goals of the customer): The solution should be easy
to use.

Z, (Business goals of the contractor): All relevant safety guidelines
of the EU must be met.

-

System Level

PA, (Customer and stakeholder requirement): The solution must
not be a safety risk for humans.

]

PA, (Environment requirement): The solution should be within the
EU’s safety regulations.

-]

Feature Level

\/

A, (Product requirement ): The washing machine has to fulfill all
safety-regulations, even if it is built-in or propped up.

Function Level

/

\

FA, (Detailed product requirement): The washing machine must
be lockable in order to keep children from using it.

FA, (Detailed product requirement): The washing machine manual
has to include information on possible risks during usage.

-

ComponentLevel

A

A

DoA, (Component: box of the washing machine): The software
should lock the door automatically.

DoA, (Component: manual): A manual is offered that describes
each step of the usage and maintenance of the washing machine

-

Fig. 8 Example of concretizing the requirements to the PSS “wash solution”

The two interviewees confirmed that the RDMod sup-
ports the search for conflict between requirements. It was
clear that the RDMod is suitable to find conflicts between
requirements better by categorizing them. Finding the
general conflicts in RE caused by misunderstandings
between stakeholders, for example, is not supported. For
instance, expert Il said: “I have a counter-example. In
refrigerators, we see the classic conflict between energy
efficiency, that is, as much insulation as possible and the
highest usable volume, that is, minimize insulation. These
contrasts are assigned completely different categories,
where one excludes the other. Such examples can surely be
found in every device. Such a conflict cannot be found by
categorizing.”

The specification of requirements in several steps based
on the development process and the connections between
the artifacts that specify the requirements for the categories
improves the understanding of the requirements among the
stakeholders little. Expert Il had this to say: “[...] because
the condition would have to apply that all stakeholders
always know the complete process and procedure and keep
them in mind. Experience shows that this is not the case.”
However, he pointed out: “So I think, rather, that it would
be theoretically possible that the RDMod supports the
understanding among the stakeholders. In practice this is
not likely.” The RDMod can, however, help through the
specification of categories to guide in constructive discus-
sions with the stakeholders and thereby assist their under-
standing of the requirements concerning them. As Expert |
claimed: “If you have a category structure that is as
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complete as yours, there is a significantly higher chance to
create a complete product requirements document.”

Furthermore, the RDMod supports the formulation of
clear requirements by specifying categories and abstraction
levels so that different types of requirements are not mixed.
Expert | pointed out: “Surely the RDMod will help us gain
information about who is responsible for which content.
This aspect is still a big problem for our company. The
approach furthermore supports us when we are thinking
about the level of detail during the requirements formula-
tion.” Thus, the categories of requirements (requirements
artifacts) can—through the specification of substantive
aspects—support the unique formulation.

To the question of whether the progressive specification
supports the compliance of the solution-oriented require-
ments, that is, the requirements of the individual compo-
nents with the initial requirements, expert | answered: “I
am definitely of the opinion that compliance is guaranteed.
Without the RDMod this advantage would not be easily
reached.” The traceability of requirements through the
phases of the development process supports the verification
of compliance of the component requirements with the
initial requirements by the stakeholders and the developers;
as using RDMod when two or more requirements are
conflicting, one can see exactly which initial requirements
and goals are the cause. Expert | pointed out that it is
necessary to distinguish what is supported by RDMod and
that which is supported by pure compound techniques. The
RDMod supports the traceability of derivation of require-
ments. To the question of whether it is possible to find what
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other requirements are concerned by the appearance of a
conflict between requirements, expert | answered: “Yes, if
the RDMod supports the transfer of initial requirements
into domain-specific requirements and if thus a derivation
is possible.”

When asked whether the RDMod can ensure the feasi-
bility of the requirements in order that one can ascertain at
the end whether the requirements are feasible or not, expert
| admitted: “I’m not so sure. Many of these decisions arise
only when the product is more concrete and experiments
have been performed. [...] In this case, the approach rep-
resents more of a knowledge base.” Knowledge from the
past is more accessible through the links that exist between
the requirements and is therefore available for future pro-
jects. Thus, the reasons, for example, the relationship
between price and value for a failed implementation, can
be found in retrospect.

A direct assessment of the feasibility in the current
project is, however, not possible. Expert Il explained:
“The RDMod helps to specify the requirements more
exactly, that is, to formulate in more detail and thus to
implement the requirements in a targeted way. Whether
this theoretical effect is actually occurring in practice is
uncertain.”

The question whether the RDMod permits the recording
of the relations of each requirement to its predecessors and
successors through the progressive specification of the
requirements was affirmed by both interviewees.

Asked whether the statement of the precursor and suc-
cessor requirements by the RDMod gave justification for
the existence of each request—thus the reason for its
realization—the two experts answered positively. The
completeness of requirements is, according to the experts,
only ensured conditionally by the definition requirements
categories (artifacts) and depends on the present situation.

The question of whether improvements were achieved
by the RDMod due to the different levels of detail of
requirements so that the requirements were already solu-
tion-oriented when incorporated into the product require-
ments document was affirmed by the two interviewees. For
instance, expert | said: “If a solid structure is specified,
then the requirements have to be described in this way.
Otherwise there is a discussion of whether this is an initial
or detailed requirement on every second requirement.”
However, the approach should be adjusted according to
practical needs. The correct identification of the detail of a
requirement is directly related to the author and reader of
this requirement.

The final question on the support of the reuse of
requirements by the approach was affirmed by the two
experts. As a conclusion, the experts judged the approach
according to the 14 aspects. The result is summarized in
Table 3. The experts see the traceability and related topics
as being fulfilled best by the approach. The structuring of
the requirements and prevention of the mixing of require-
ments with different levels of detail are supported superbly
by the approach as well. The biggest weaknesses the experts
identified lie in ensuring the feasibility of the requirements,
as well as in the subjects linked with the direct communi-
cation with the stakeholders.

8 Discussion and limitations

In the first part of the evaluation, the RE approach was
evaluated analytically using evaluation criteria that were
created on the basis of the case studies in practice; in the
second part of the evaluation, the practicality of the
approach was examined based on a feature-based evalua-
tion. The feature-based evaluation criteria for the

Table 3 Summary of expert

. Completeness of requirements
evaluation

Retrieval of requirements

Guarantee of traceability

Better requirements validation and consistency through traceability

Identification of conflicts and their causes through traceability

Better requirements validation and consistency through incremental concretization
Deeper understanding of the requirements among the stakeholders

Justification for requirements existence

Unambiguous formulation of the requirements through developers information
Effective coordination through content-related requirements

Integration of requirements belonging to the same level of detail

Guarantee of requirements feasibility

Targeted discussions with the stakeholders

Search for conflicts through content-related requirements

Fully agree
Fully agree
Fully agree
Fully agree
Fully agree
Fully agree
Agree
Agree
Agree
Agree
Agree
Partly agree
Partly agree
Partly agree
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evaluation of the approach were created based on the IEEE
recommended practice for software requirements specifi-
cations. It was then shown through an analytical approach
that the RDMod met the criteria. Furthermore, these cri-
teria were incorporated into the case study by retrospec-
tively applying the data model to the requirements of a
PSS. In addition, industry experts were used who discussed
the results in semi-structured interviews.

These case studies have shown that the approach is
suited to refine the requirements, gradually bringing them
into agreement with the development process. The data
model particularly makes it possible to talk explicitly about
the level of detail of requirements and to ensure the
traceability of detailed technical requirements back to the
initial customer requirements. By specifying the artifacts
and the description of its contents, the completeness of
requirements specifications is especially ensured. Also, the
retrospective application of the approach has shown that
the approach can be adapted to the needs of each company
by specifying the necessary requirements and development
artifacts, as well as the abstraction levels based on the
development process of the company.

In summary, it can be stated that the RE approach for
PSS is well suited to address the challenges in RE for PSS.
The approach can also help in structuring and specifying
the requirements through the phases of the development
process, and can be used for the compliance of require-
ments as well. The experts cannot answer the questions
regarding the benefits of the developed approach for pro-
moting understanding of requirements among the stake-
holders and identifying conflicts between the requirements
conclusively. Only in the early stages of development the
approach can support the requirements’ feasibility. The
approach, however, helps to specify the requirements more
exactly, that is, formulating in greater detail, and thus
implementing the requirements more targeted. The
requirements engineering approach also supports the
completeness of requirements, structuring requirements
according to their level of detail and the reuse of
requirements.

A limitation of this work is that the application of the
RDMod was only conducted retrospectively. However, in
this way it was possible to compare the problems experi-
enced during the development, with the benefits that the
artifact model could provide.

The internal validity of the case study could be threa-
tened by a bias toward the artifact model because the
requirements analysts of the industry partners worked
closely with the researchers over a long period of time.
This threat is seen as minor because the evaluation does not
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rely only on questioning the opinion of the experts; rather,
their statements must be justified by the example
specification.

Regarding external validity, the major concern is the
generalizability of the results because we conducted only
one case study. From the viewpoint of the experts and
researchers, however, the selected part of the system under
consideration is representative of typical projects in the
field of PSS.

Another limitation of this work is that it concentrates
exclusively on the early stages of the life cycle of PSS,
namely, until the requirements are given to the develop-
ment. A need for research exists in the analysis of the
implementation of requirements by providing traceability
of the implementation of individual domain-specific
requirements up to the provision of PSS to the customer.
Traceability means the tracking and thus the accountability
of the life cycle of a requirement, including all changes and
adjustments over the implementation phases until they
culminate in the actual properties of the PSS.

Further need for research was advised by the experts in
the evaluation, that is, the requirements data model must be
adjusted more to the specific needs in practice by speci-
fying exactly which requirements and development arti-
facts are needed. When creating the solutions, the structure
and orientation of the company must be studied accurately
and included in the design of the individual requirements
data model.

9 Conclusion and future work

In this article, a data model for Product Service System
(PSS) requirements has been presented. PSS, a bundle of
hardware, software, and service components aimed at
meeting the customer requirements as completely as pos-
sible, plays an increasingly important role for companies
wanting to increase differentiation. An important part of
the development of PSS is RE, which determines, modifies
and manages the requirements of the PSS. RE for PSS is
especially challenging because of the different domains
involved. We conducted a case study in a company in order
to understand the challenges in practice. We interviewed
two experts and analyzed requirements documents. Those
experts furthermore discussed those problems that
appeared within the development and could be solved by
the approach. We identified four problems in the company
and derived six requirements for a RE approach for PSS.
One of the important challenges is the conceptual gap
between the requirements and the development that
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became apparent in the workshops at Alpha. In order to
cope with this challenge, the initial vague requirements of
the PSS have to be translated into the language of the
developer. One consequence of these challenges is the non-
uniform structure of the requirements in the product
requirements document and the functional specification, as
well as requirements with differing levels of detail.

To solve the above challenges, in this work a require-
ments data model was developed that is tailored specifi-
cally to PSS. The data model describes artifacts and defines
structuring principles and the relations between them. An
artifact summarizes the requirements for PSS or develop-
ment information based on defined categories that are in
reference to the development process. Thus, the data model
sets a scheme for structuring and specifying requirements
for PSS. The data model makes it possible to record the
initial customer and stakeholder requirements to the PSS as
a whole, and to specify the requirements gradually through
the development phases, thus integrating the participating
domains. As a result, specified requirements that can be
allocated to the respective domain-specific components of
the product, software, and service development, and that
can be handed over for further development, are created.

The developed requirements data model contributes to
an understanding of the early stages of development of PSS
by defining which requirements have to be elicited, how
they are connected with the customer and solution provider
goals for the PSS, as well as how the requirements are
specified gradually in consultation with the development
phases. Through the gradual specification of the require-
ments throughout the development phases, the data model
allows the integration of the different views of the partic-
ipating domains into the requirements engineering and thus
into the structuring and specification of requirements. At
the Alpha case study experts claimed that the approach
helped to structure and to concretize the requirements
throughout the phases of development. This promotes
understanding of the interdisciplinary contexts resulting
from the participation of different background knowledge
of the domains.

In addition, the requirements data model contributes to
reference modeling. A reference model is a model created
for a whole economic branch. It serves as a starting solu-
tion for the development of company-specific models [40].
Similar to the existing artifact models, such as Require-
ments Engineering Reference Model (REM) [15],
Requirements Abstraction Model (RAM) [14] and
Requirements Engineering and Management for Business
Information Systems (REMDIS) [41], which are the basis
of the developed data model, the data model for the needs
of PSS is a reference model. It describes, independently of
company-specific requirements, a general structure of
requirements for PSS. It can thus be used as a basis for the

development of data models tailored to specific application
environments, such as software-as-a-service that represents
a PSS consisting mainly of software and services.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

Appendix

See Tables 4, 5 and 6.

Table 4 Interview guideline for investigating the current state of RE
at Alpha as well as the potential for improvements from the experts’
point of view

Guide to the actual state of requirements engineering in the
company Alpha

Interviewees:

Role of the interviewee:
Company division:
Date:

Place:

What activities are carried out as part of requirements
engineering? What are the results of these activities? Who is
involved in the implementation of these activities?

Requirements elicitation

Procedure

Sources

Nature and form of elicited requirements

Involved company divisions/personnel
Requirements analysis

Procedure

Nature and form of analyzed requirements

Involved company divisions/personnel
Requirements agreement:

Procedure

Involved company divisions/personnel
Requirements documentation

Procedure

Art und Form der Dokumentation

Involved company divisions/personnel
Requirements traceability

Procedure

Involved company divisions/personnel
Change management:

Procedure

Involved company divisions/personnel
Problems and challenges in requirements engineering

Cyclical interactions in requirements engineering
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Table 5 Questionnaire on requirements engineering at Alpha

This questionnaire is used to determine your assessment of requirements engineering

Wholeheartedly ~ Agree Partially Do Do not Not

agree not agree at  applicable
agree  all

1. In general the requirements documentation’s structure is acceptable [J O O O O O

2. The requirements documentation’s structure causes thematically O ] O (] O g
similar requirements to be recorded in groups

3. The requirements documentation’s structure makes the discovery of [ O O O O O
requirements of a certain theme easy

4. The requirements documentation’s structure makes the discovery of [ O O O O O
requirements that are affected by a requirements change easy

5. The requirements documentation’s structure determines a fixed O O O O O O
place where every newly added requirement has to be recorded

6. The requirements documentation’s structure allows traceability O O O O O O
between the product requirements document and the functional
specification

7. The requirements documentation’s structure helps to coordinate the [ O O O O a
work of different divisions

8. The requirements in the functional specification are detailed enough [ O O O O O
to determine how they are going to be realized

9. It is clearly recorded in the functional specification why a O O O O O O

requirement exists

Table 6 Interview guidelines for the evaluation of the requirements engineering data model for PSS in the company Alpha

Interview guidelines for the evaluation of the requirements engineering data model for PSS in the company Alpha

Interviewees:

Role of the interviewee:
Company division:
Date:

Place:

Does structuring the requirements in artifacts and abstraction levels help the coordination (correct requirements) of requirements between the
stakeholders? If yes, to what extent?

Does structuring the requirements in artifacts and abstraction levels help the search for conflicts between the requirements? If yes, to what
extent?

Does the gradual specification of the requirements oriented on the development process steps help the stakeholders’ understanding of the
requirements and their realization? If yes, to what extent?

Does the thematical structuring of the requirements into artifacts (requirements categories) help the stakeholders to have a goal-oriented
discussion about the requirements? If yes, to what extent?

Does structuring the requirements in artifacts and abstraction levels help to formulate unambiguous requirements? If yes, to what extent?

Does the gradual specification of the requirements help the continuous verification of the accordance of requirements with initial
requirements? If yes, to what extent?

Does the traceability of requirements through the development process phases from initial to domain requirements help the stakeholders and
developers to verify the accordance of component specific domain requirements and initial requirements? If yes, to what extent?

Does the traceability of conflicting requirements back to their conflict-free predecessors to help the identification of conflict causes? If yes, to
what extent?

Does the gradual specification of the requirements, constantly using the development information, help ensure the requirements feasibility? If
yes, to what extent?

Does the gradual specification of the requirements allow the recording of the relationships of requirements to their predecessors and
successors (traceability)? If yes, to what extent?

Does specitying the predecessor and successor requirements of all requirements give a reason for their existence and thus the reason for their
realization? If yes, to what extent?
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Table 6 continued

Interview guidelines for the evaluation of the requirements engineering data model for PSS in the company Alpha -

Does specifying the requirements categories (artifacts) help the completeness of requirements by specifying a thematic structure for the
requirements? If yes, to what extent?

Results of the case study at Alpha: Requirements with different levels of detail in product requirements document and functional
specification. The structuring of requirements in abstraction levels oriented on the development steps, allows the summarization of
requirements to the same level of detail. This prevents the mixing of requirements with different levels of detail in the product requirements
document and the functional specification. How would you assess this statement?

Results of the case study at Alpha: Reuse of requirements: The structuring of requirements into artifacts allows the reuse of the requirements

in the artifacts when needed. How would you assess this statement?
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