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Abstract

Software and systems engineering offers a multitude of innovative methods for the
design, realization, and management of systems that support software and systems engi-
neers from the initial idea through design and specification to the operation and disposal
of the system. This thesis therefore investigates how these methods can contribute to
the efficient and effective specification and design of automotive systems and explores
ways to utilize these methods for the development of such large and complicated systems.
Although systems engineering achieved remarkable results in developing cyber-physical
systems in selected examples, many previous works in the field of automotive systems
engineering have yet to consider several real-world applications in a wider context of
their utilization. Therefore, many aspects that appear reasonable in a single application
of the methods lead to significant problems in their industrialization as soon as several
development projects and different possibilities to decompose the system into system
levels are considered. For example, while the execution of the same task from different
perspectives may seem careful and suited to reveal further insights in a single application
or a single system model with a few elements, the scaled application for systems with
hundreds or thousands of model elements reveals that performing the same task multiple
times using an inefficient modeling method leads to excessive efforts in system modeling
that frustrates the system engineers.

Consequently, this thesis considers several industry projects and provides tailored
methods for defining and applying system models. To this end, this thesis contributes:

e An adaptation of a specification method for requirements and design for the ap-
plication of model-driven development in the automotive industry;

e A domain-specific language to support the formulation of natural language require-
ments in legacy projects;

e A framework for modeling stakeholder needs in use case diagrams;
e A specification method to specify reusable system behaviors as operating principles;

e A derivation technique and modeling principles to derive reusable logical architec-
ture specifications from these operating principles;

e And experiences from applying these methods in the automotive industry.

With these contributions, this thesis aims to increase the general acceptance and appli-
cation of system modeling in the automotive industry. All methods this thesis presents
have already been applied by an engineering service provider in cooperation projects
with several automotive companies, covering system development projects at various de-
composition levels from the software control module of a powertrain component to the
powertrain and the complete vehicle specification.






Kurzfassung

Die Software- und Systemtechnik bietet eine Vielzahl innovativer Methoden fiir den
Entwurf, die Realisierung und das Management von Systemen, die Software- und Sys-
temingenieure von der ersten Idee iiber den Entwurf und die Spezifikation bis hin zum
Betrieb und der Entsorgung des Systems unterstiitzen. Diese Arbeit untersucht da-
her, wie diese Methoden zur effizienten und effektiven Spezifikation und Gestaltung
von Fahrzeugsystemen beitragen kénnen und erforscht Wege, diese Methoden zur En-
twicklung solch grofler und komplexer Systeme zu nutzen. Obwohl die Systemtechnik
in der Entwicklung von cyber-physischen Systemen in einigen Féllen bemerkenswerte
Ergebnisse erzielt hat, haben viele frithere Arbeiten auf dem Gebiet der Systemtechnik
im Automobilbereich noch nicht mehrere reale Anwendungen in einem grofieren Kontext
ihrer Anwendung beriicksichtigt. Daher fithren viele Aspekte, die bei einer einzelnen An-
wendung der Methoden sinnvoll erscheinen, zu erheblichen Problemen bei deren Indus-
trialisierung, sobald mehreren Entwicklungsprojekte und unterschiedliche Méglichkeiten
das System in Systemebenen zu dekomponieren betrachtet werden. Wéhrend beispiel-
sweise die Ausfithrung derselben Aufgabe aus verschiedenen Blickwinkeln sorgfaltig und
angemessen erscheinen mag, um in einer einzelnen Anwendung oder einem Systemmodell
mit wenigen Elementen weitere Erkenntnisse zu gewinnen, zeigt die skalierte Anwendung
fiir Modelle mit Hunderte oder Tausende von Elementen, dass die mehrfache Ausfithrung
derselben Aufgabe mit einer ineffizienten Modellierungsmethode zu einem iiberméfigen
Aufwand bei der Systemmodellierung fiihrt, der die Systemingenieure frustriert.

Daher werden in dieser Arbeit mehrere Industrieprojekte betrachtet und maf3geschnei-
derte Methoden zur Unterstiitzung bei der Definition und Anwendung von Systemmod-
ellen bereitgestellt. Zu diesem Zweck leistet diese Arbeit als Beitrag:

e Eine Adaption einer Spezifikationsmethode fiir Anforderungen und Design fiir die
Anwendung von modellgetriebener Entwicklung in der Automobilbranche;

e Eine domé&nenspezifische Sprache zur Unterstiitzung der Formulierung von natiir-
lichsprachlichen Anforderungen in Legacy-Projekten;

e Ein Rahmenwerk zur Modellierung von Stakeholderbedarfen in Anwendungsfall-
diagrammen;

e Eine Sperzifikationsmethode, um wiederverwendbare Systemverhaltensweisen als
Wirkprinzipien zu spezifizieren;

e Eine Ableitungstechnik und Modellierungsprinzipien zur Ableitung von wiederver-
wendbaren logischen Architekturspezifikationen aus diesen Wirkprinzipien;

e Erfahrungen aus der Anwendung dieser Methoden in der Automobilindustrie.



Mit diesen Beitragen zielt diese Arbeit darauf ab, die allgemeine Akzeptanz und An-
wendung der Systemmodellierung in der Automobilbranche zu erhthen. Alle in dieser
Arbeit vorgestellten Methoden wurden bereits von einem Ingenieurdienstleister in Ko-
operationsprojekten mit mehreren Automobilunternehmen angewandt. Dabei wurden
Systementwicklungsprojekte auf verschiedenen Dekompositionsebenen vom Software-
Steuermodul einer Antriebsstrangkomponente iiber den Antriebsstrang bis hin zur
Gesamtfahrzeugspezifikation abgedeckt.
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Chapter 1
Introduction

Contemporary vehicles are becoming more and more complicated [SZ16] as vehicle man-
ufacturers increasingly interweave traditional mechanical parts with electrical and elec-
tronic components controlled by software units [SZ16, EF17] to offer their customers an
ever-increasing number of functionalities [Bro06, DS17]. As a result, the vehicle is becom-
ing a cyber-physical system [Lee08] in which software, physical sensors, and actuators
work together to make the overall system interact with its environment [Wor21]. De-
veloping these complicated automotive systems poses challenges that neither traditional
development techniques from mechanical and electrical engineering nor development
methods from software engineering alone can solve [LAB'11, Kus21]. Unsurprisingly,
this results in the fact that conventional and established development methods that
follow the V-model [VDI21] reach their limits, as [DW15] or [Doul6] observe.

To address these challenges, systems engineering [FMS14b, ISO15, Shel7] in gen-
eral and model-based systems engineering [Wym93, WRF*15, HMR'19] in particular
provide methods for the design, realization and management of systems that support
software and systems engineers from the initial idea through design and specification
to the operation and disposal of the system. There are various methods for applying
systems engineering throughout the entire life cycle of a system. For example, feature-
driven systems engineering methodologies [Gra22|, methodologies tailored to embedded
systems [PHAB12, PBDH16], for which multiple surveys on model-based systems engi-
neering methodologies [Est07, NLFT15, HS19] provide an evaluation and comparison.
Although several handbooks describe the application of systems engineering method-
ologies [WRF'15, Shel7], systems engineering is still only applied in a minority of the
overall automotive system development projects [HS19, KFD23]. To explain this trend,
a recent study analyzed the perceived value, metrics and evidence for the adoption of
model-based system development in several industries [CTET22]. It revealed that some
of the companies seeking to adopt model-based systems engineering as a new approach
to engineering projects fear that this paradigm shift is not improving budgets, schedules,
efficiency, safety and morale as intended, but actually worsening them [CTE22]. More-
over, [MP19] reveals that the engineering projects potentially gaining the most from
using models in the engineering process are at high stakes and, therefore, experiments
concerning the applied methodology are challenging and risky. As automotive system
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development projects are typically at high stakes with constant pressure by a steady
reduction in time-to-market and development costs while ensuring high product qual-
ity [SZ16], a systems engineering methodology that enables a practical but also efficient
system development is crucial. Consequently, approaches that target an introduction in
such an environment need to pay special attention to the effort required to create models
for different perspectives and prevent an unrealistic time effort from the modeler e.g.,
by providing a high degree of automation or reuse in the model creation.

These observations indicate that further research is needed to address the mentioned
challenges. Thus, this thesis examines how the established and innovative methods from
software and systems engineering can contribute to the efficient and effective specification
and design of automotive systems and explores ways to utilize these methods to develop
automotive systems. Therefore, this thesis considers several industry projects. It offers
a method tailored to these industrial needs that supports projects in the definition and
application of system models, taking into account a realistic application environment,
with the aim of increasing the general acceptance and application of system modeling in
the automotive industry.

1.1 Research Questions

Because several methods to address these challenges already exist in software and
systems engineering, this thesis aims to adopt and refine these methods for the applica-
tion in industrial automotive systems development and to understand their particular
improvement. In particular, it primarily focuses on methods for the definition and
application of system models in the system development processes of the automotive
industry. Therefore, the main research question of this thesis is:

How can innovative software and systems engineering methods be utilized in the
automotive industry to define and apply system models effectively and efficiently to
specify automotive systems?

Following the divide and conquer principle, this thesis aims to answer this question by
subdividing it into several partial research questions that are easier to answer. Therefore,
this thesis first focuses on the recent methods in software and systems engineering to set
its foundations with the following research questions.

RQ-1 Which software and systems engineering methods exist that are applicable to spec-
ify automotive systems?
RQ-1.1 What are the foundations of systems engineering?

RQ-1.2 What are the characteristics of a system model in the automotive industry?

R-Q-1.3 Which systems engineering methodologies exist, how is the system decom-
posed in this methodology, which viewpoints are created, and which paradigm
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18 applied?

Then, this thesis focuses on concrete system development projects in the automotive
industry to answer the following questions:

RQ-2 Is there a common practice for creating, interpreting, analyzing, and using system
specifications in the considered projects in the automotive industry?
RQ-2.1 Which system specification process is applied in these projects?
RQ-2.2 Which artifacts are created during this process?

RQ-2.3 Which elements are required to specify a system in the automotive indus-
try?
RQ-2.4 How is the system decomposed in the project, which viewpoints are created,

and which paradigm is applied?

Knowing the required elements of systems modeling, the next challenge concerns express-
ing these elements in the system model. Accordingly, this thesis focuses on the question
of which elements from the SysML [Obj19] are suited to support these methods.

RQ-3 Which elements of the SysML support the creation of the elements developed under
RQ-27
RQ-3.1 How can requirements be expressed?
RQ-3.2 How can stakeholder values be formulated?
RQ-3.3 How to model operating principles?
RQ-3.4 How to model logical architectures?

Finally, this thesis focuses on defining and applying these system models effectively and
efficiently to specify automotive systems by tackling the following research questions.

RQ-4 Is an efficient and effective specification of automotive systems possible using
model-driven systems engineering?
RQ-4.1 Can operating principles be derived from use case scenario specifications?
RQ-4.2 Are logical architectures derivable from operating principles?
RQ-4.3 Is the efficiency increased by this automation?
RQ-4.4 Are the models that result from a model-driven specification comparable to

document-based specifications?

By answering these research questions, this work aims to provide the following contri-
butions:

e An overview of the required artifacts to design automotive systems;
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e A refined adaptation of a specification method for requirements, design, and testing
for the application of model-driven development in the automotive industry based
on the considered projects for an application in similar projects;

e A domain-specific language to support the formulation of natural language require-
ments in legacy projects;

e A framework for modeling stakeholder values in use case diagrams;
e A specification method to specify reusable system behaviors as operating principles;

e A derivation technique and modeling principles to derive reusable logical architec-
ture specifications from these operating principles;

e And experiences from applying these methods in the automotive industry.

1.2 Thesis Organization

In the process of answering the research questions as mentioned earlier, providing contri-
butions, and applying the methods for the definition and application of system models
in the automotive industry, this thesis tackles these aspects as follows:

chapter 2 provides an introduction to the foundations of system modeling and exam-
ines the state-of-the-art methodologies of systems engineering for the development of
automotive systems;

chapter 3 presents a model-driven systems engineering method based on CUBE and
examines the processes and structures that systems engineers follow when applying this
method;

chapter 4 summarizes the projects in which the methods developed in this thesis were
applied and presents a running example;

chapter 5 examines a method for the specification of systems using structured natural
language and investigates the status of requirements in two projects for the development
of automotive systems;

chapter 6 introduces a method and the semantic foundations to model system stake-
holders, their needs, and values using SysML use case diagrams and applies this method
to replace natural language requirements as a means of expressing stakeholder require-
ments in document-based development projects;
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chapter 7 establishes SysML activity diagrams and use case behavior modeling tem-
plates as a method for modeling the desired system behavior as the operating principle
of a system and applies this method as a way to model system behavior in automotive
development projects;

chapter 8 provides modeling methods for defining and decomposing logical automo-
tive systems and applies transformation rules to efficiently generate logical architecture
models from operating principle specifications of a system function;

chapter 9 concludes this thesis, provides an overview of potentials for future work, and
gives an overview of the experience gained in the industrial application of the methods
used in this thesis.

1.3 Publications

This work results from a long time of research. Therefore, some aspects and parts of
the results have already been published in other contexts. The following chronological
list provides an overview of these publications and briefly summarizes their contents
concerning their contribution to this work.

e [GKM™25] provides the transformation rules and evaluations of the method to
derive logical architectures from operating principle models. The results primarily
contribute to the method chapter 8 presents. With the evaluation and some insights
from the application in the automotive industry, this publication aims at answering
how can stakeholder values be formulated and not only contributes to the running
example in subsection 6.1.2, subsection 7.1.3, subsection 8.2.3, but also set the
basis for the method and transformation chapter 8 presents.

o [TMW24] describes an extension of the method this thesis presents to enable
virtual homologation of automated driving functions. To this end, the approach
relates the stakeholder values to chapter 6 models and the operating principles
chapter 7 introduces with test cases.

e [GORW23| introduces the process structure model this thesis revisits in section 3.2
and contributes to the lessons learned in section 9.3, which this thesis backs up
with additional evaluation results.

e [BBK'22b] and [BBK'22a] present evaluations and ideas on specifying legacy re-
quirements as DSLs for which this thesis provides related methods in chapter 5 and
conducts comparable expert elevations in subsection 6.4.3, subsection 7.3.2, and
subsection 8.3.2 based on the requirement classification scheme in subsection 6.4.2.
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[KRW22] provides the foundations of the definition of the use case diagram seman-
tics, this thesis extends in section 6.2 for the application for automotive systems
modeling using CUBE.

[MSG*22] contributes to the development of safe systems in the automotive in-
dustry, by applying a SOTIF compliant variant of the CUBE method. Although
the presented scenario format is not considered in this thesis, the ideas for use case
scenario modeling influenced the method chapter 7 presents, especially in the con-
text of the scenario behavior specification in section 7.2. Furthermore, the general
visualization understanding of the CUBE procedure influenced the results on the
CUBE process in section 3.1.

[JGWT21] developed an example model to which this thesis refers in subsec-
tion 6.4.3, subsection 7.3.2, and subsection 8.3.2 to additionally provide results for
the application of the method to publicly available models. Moreover, the thesis
presents several ideas in the context of operating principle modeling, as chapter 7
provides.

[HJK*21] presents results from the CrESt project in the context of artifact-based
analysis for the development of collaborative embedded systems, which methodi-
cally contributed to identifying the artifacts created using the CUBE procedure in
section 3.2.

[DJRT19] introduces several concepts related to model-driven systems engineering
in the context of virtual product design. To make these ideas applicable in auto-
motive system development, section 2.2 and chapter 3 transfer these concepts into
automotive system development.

Moreover, several other publications resulted from the study related to this thesis, which
only have a minor or insignificant influence on this thesis:

[DJR 22| presents the results of a cross-domain systematic mapping study on
software engineering of digital twins.

[GJK™21] provides additional results from the CrESt project related to architec-
tures for dynamically coupled systems, especially in software product lines.

[MGWJ20] presents concepts on how the results from the CrESt project are trans-
ferable for the development of automated vehicles.

[DJK*19] translates MontiCore grammars and XText grammars and provides
lessons learned from these translations.

[NW17] provides methods for analyzing cryptographically-masked information
flows in MILS-AADL architectures using slicing techniques.
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e [Wacl7] provides the context and foundations for the techniques [NW17] presents.

Finally, several student theses contribute to the results this thesis presents. Therefore,
the following list provides an overview of these theses the author supervised or co-
supervised and highlights their contributions concerning this work:

e [Bla23] provided a prototype implementation of the scenario behavior modeling
template in subsection 7.2.4 as well as further results on modeling systems and
system architectures in chapter 6 and chapter 8.

e [Zab23] developed a prototype implementation for the generation of natural lan-
guage requirements from system models as subsection 6.4.1, subsection 7.3.1,
and subsection 8.3.1 presents based on the templates in Appendix D and laid
the groundwork for the evaluation subsection 6.4.3, subsection 7.3.2, and subsec-
tion 8.3.2 present.

e [Cho21] developed a model-driven development method for component structures
based on assembly line models expressed as activity diagrams, which influenced
the concrete syntax of the activity diagrams in the scenario templates in subsec-
tion 7.2.4.

e [K6b21| provided translation ideas and prototype implementations for the logi-
cal architecture generation in section 8.2 for which [Mal22] additionally suggested
extensions.

e [Kat21] provided the initial grammars (cf. Appendix B) and the prototype imple-
mentation for the DSL in section 5.3 and its application in section 5.5.

[Wacl9] presents general modeling guidelines for SysML modeling in model-driven
systems engineering projects published in [DJR119].

In addition to these theses above, the author supervised and co-supervised multiple other
theses, which focused on other aspects of software and systems engineering that did not
contribute to the method and applications this thesis presents.






Chapter 2

Foundations of System Development in the
Automotive Industry

Since system models are a broad field of research, this chapter introduces a common
framework and understanding of concurrent systems engineering concepts to lay a foun-
dation for their application in automotive system design methods concerning RQ-1
(“Which established methods software and systems engineering methods exist that are
applicable to specify automotive systems?”). To this end, this chapter structures as
follows: First, section 2.1 introduces the overall automotive independent foundations
of systems engineering. Next, section 2.2 refines the general concept of Model-Based
Systems Engineering (MBSE) to a model-driven approach, which focuses on models and
their automated generation to address the needs of the time- and cost-driven frame-
work set by the automotive system development environment. To further formalize the
concepts required in the automotive industry, section 2.3 applies the functional mod-
eling paradigm to automotive system development before section 2.4 further describes
the unique challenges of variant handling and variability management in the context of
the automotive industry. To set a framework for suited systems modeling methods, sec-
tion 2.5 introduces systems modeling languages to define and apply system models in the
automotive industry before section 2.6 investigates commonly used systems engineering
methodologies to identify shared concepts and open topics.

2.1 Foundations of Systems Engineering

Systems engineering is an interdisciplinary approach [Wor21] and the research founda-
tion for the method specified in this thesis. Therefore, this section aims to derive a
common understanding of systems engineering as a foundation for the method presented
in the following chapters. To this end, this thesis draws on the previous analysis from
[Wac19] that led to the understanding of model-driven systems engineering [DJR*19]
published. Moreover, this section refers to several handbooks [Shel7, NPR07, WRF*15],
standards [ISO15, ISO17b, ISO1l1c], and related works such as [Sta73, Rum96, Web09,
Sch12, FMS14b| to relate the definitions this thesis uses with the state-of-the-art in
related works.
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2.1.1 System Definition

The system definition is a fundamental part of systems engineering research since it
defines the engineered artifact, which is the central element of this branch of science.
According to the original ancient Greek word definition translated in [LSJM96], a system
(written as oOotnua) refers to a whole consisting of several parts or members. Although
this definition still seems to be generally applicable to most systems developed in systems
engineering today, many authors in the systems engineering literature introduce their
system definition to emphasize additional aspects of systems in systems engineering.
Consequently, researchers in systems engineering have published various definitions over
the past years:

A system is “the combination of elements that function together to produce
the capability required to meet a need. The elements include all hardware,

software, equipment, facilities, personnel, processes, and procedures needed
for this purpose” [Shel7, NPRO7].

“A system is a purposeful whole that consists of interacting parts” [WRFT15].

“A system consists of a set of elements that interact with one another, and
can be viewed as a whole that interacts with its external environment to
achieve an objective” [FMS14b].

A system is a “combination of interacting elements organized to achieve one
or more stated purposes” [ISO15].

As these quotes reflect, many authors add some purpose to the system definitions
considered in systems engineering [Shel7, NPR07, WRF*15, ISO15] or a goal [[SO15]
of systems developed in systems engineering. Furthermore, [WRFT15] explicitly em-
phasizes that a system’s parts interact with themselves and their environment to fulfill
this purpose. To underscore this understanding and its connection to the word’s orig-
inal meaning, anything that meets the following definition is considered a system for
this thesis. As a result, the systems considered in systems engineering are not simply
composed of several parts of members but also fulfill a goal or purpose and interact with
their environment to achieve this purpose. Therefore, the following system definition
serves as the basis of the systems considered in this thesis.

Definition 1 (System). A system is a whole consisting of several parts or members that
interact with each other and their environment to fulfill a purpose.

More specifically, automotive systems are typically mechatronic systems i.e., they are
systems that consist of parts from a mechanical, electrical or electronic, or software
domain.

10
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Definition 2 (Mechatronic System). A mechatronic system is a system that consists of
parts from a mechanical, electrical or electronic, or software domain.

According to this more specific definition, systems may also belong to different en-
gineering domains required to work together, which reflects, for example, also in the
systems definition from [Shel7] and [NPRO7] that integrates the similar domains of the
elements into the system definition.

As the interaction between the system and environment indicates, it is crucial to
differentiate between elements that are part of the system and elements that are not
part of the system i.e., part of the environment [WRF*15]. Thus, systems engineering
literature as [WRF 115, Shel7] introduces the concept of a system boundary. In contrast
to the system specification, the system boundary does not describe the system with its
properties and capabilities but demarcates the system from its environment. In other
words, the system boundary delimits which elements belong to the system and which do
not—remembering that a system’s interactions with its environment are frequent and
may also be crucial to fulfilling the system’s purpose as stated in the system definition
Def. 1. In particular, in developing automotive systems, there are several direct or
indirect interactions of systems with their environment. One of the main tasks of many
automotive systems, for example, is the transport of people and goods from one location
A to another location B and to protect the people within the system (e.g., against rain
or injury), while protecting the environment from unacceptable influences from system
(e.g., from injuries during an accident with the system, or from pollution caused by the
operation of the system). The consideration of different concepts to realize this task in a
new upcoming vehicle shows that the differentiation of the system from its environment
is by no means as trivial as it may appear at first glance, as the following example
illustrates: To transport persons from A to B, all vehicles licensed for public road traffic
today are not able to transport the vehicle and everything in it fully autonomously to this
destination. Instead, they depend on a driver who controls or monitors the vehicle for
the transport task. Therefore, most vehicles produced today offer the driver the ability
to drive the vehicle from A to B according to his or her wishes using clearly defined
control options (steering wheel, accelerator pedal, and brake pedal). The vehicle system
interacts with its environment in two ways. Firstly, it receives the driver’s steering
commands and converts these into feedback with the road via the tires. Indirectly, other
interactions of the vehicle and its components with the environment can occur through
the vehicle during the transport task. For example, internal combustion engine generates
climate-reactive greenhouse gases, which thus affect the entire climate in the long term,
or noise emissions, which may negatively affect the acceptance of mobility in general.

In addition to the difference between a system and its boundary, this example also
illustrates the concept of system functionality. T'wo critical aspects arise from requiring a
vehicle to transport people and goods from A to B. First, that the influence of a system
on its environment typically describes the functionality of a system: The interaction

11
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of a system with actors in its environment is an indicator of the functionalities of a
system. Second, that a system user describes the connection between a system and its
environment. In this context, [ISO1lc, ISO15, WRF'15, ISO17a] and [[SO17b] also
defines the concept of a system architecture as fundamental concepts or properties of
a system in its environment. The system architecture describes the system elements,
relationships, and principles of design and evolution [ISO11c].

2.1.2 System Formalization

Not only engineering in general, but also software and systems engineering in particular,
uses scientific terminologies and concepts to design, create and sustain systems. Tough
the same standards [ISO15, ISO17b, ISO11c] lay the foundations to define the the terms
and concepts for software and systems engineering, their understanding varies depending
on their use in software or systems engineering. Thus, this section summarizes the basic
definitions of software and systems engineering to define them in the context of this
work. A common element of software and systems engineering is the attribute.

Definition 3 (Attribute). An attribute describes the observable characteristics and prop-
erties of a system.

Attributes are, for example, the speed of a moving object, such as a vehicle, a mea-
surements of a piece of hardware, or data stored in a piece of software. Note that also
abstract characteristics with complicated observability such as an ASIL-Level [ISO11a] in
the context of a security characteristic or active/passive safety measures such as a Euro
NCAP-rating [vR17] or a cybersecurity assurance level [ISO21] are usually regarded as
attributes [Web09].

Next, variables serve to regard attributes in the systems’ context.

Definition 4 (Variable). Variables are symbolic representations of attributes with a do-
main from which values are assigned to the variable.

For instance, the letter v often denotes the velocity of a moving object that represents
the variable’s symbol. Next, a value of 17+ from the domain of all velocities between
zero and the speed of light may define the current speed of this object. Thus, v = 17
describes that a variable with symbol v has the value of 17>. While attributes describe an
observable characteristic of a system and variables can be used to symbolically represent
them, both concepts alone are often insufficient to observe a system’s characteristics.
For this purpose, we require a measurement.

Definition 5 (Measurement based on [WRF115]). A measurement is the outcome of a
measurement process, which determines the value of a variable [WRF* 15].

A measurement process describes a systematic way to observe the system under given
conditions to retrieve a specific value as a result of a measurement. For example, de-
termining the velocity of a moving object requires to determine the length that this

12
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object travels in a defined period of time. Therefore, counting the seconds the element
needs to travel a distance of e.g.,, one meter, leads to the measurement x in the unit
of seconds per meter (=>). The multiplicative inverse of this measurement results in the
the standard measure meter per second ().

Whereas in computer science, a variable is often connected to a storage location,
in systems engineering, it could also represent a degree of freedom to be set later in
the engineering process, or an unknown in an equation depending on who controls the
variable (e.g., the engineer, the user, the system, the environment). Thus, lengths or
speeds are sometimes only achieved physically but not measured, or stored in the system.
Also these values might be relevant and measured for testing purposes, the results are
not directly interrogable for its user. For example, the vehicle may have a wheelbase or
window lifter rotation speed, that is used during the engineering process of the system,
but not stored or used as a measurement in the vehicle. Consequently, some attributes
or measures are directly accessible in the system, whereas others have to be measured,
calculated, or estimated e.g.,, whenever a control software needs the attribute values as
an input for its calculation. Apart from attributes, systems may also be in a specific
state, which might influence their behavior.

Definition 6 (State). A state of a system describes a system’s condition in which its
observed attributes fulfill a specific constraint.

For example, in a vehicle’s stopped state, the vehicle’s velocity has a constant value
of 0%, whereas in the driving state, the vehicle’s velocity has a value that is lower or
greater than 07.

Systems typically provide functionalities for their stakeholders to create a benefit.
These functionalities lead to the concept of a feature according to the following definition.

Definition 7 (Feature based on [GKMT25]). A feature is an independent end-to-end
functionality of a system that benefits at least one stakeholder.

A feature of a vehicle is, for example, the transportation of people. The owner or user
of the vehicle as a stakeholder can use the vehicle to transport them or other people with
goods from the current position to another using the vehicle. Because features might
have pre- and post-conditions for their execution, features may only be available in
different states of the system or trigger a state change by their execution. The transport
people feature could, for example, be modeled to only be available in an operational
state, where all technically required attributes are in an available range, but not in a
maintenance or error state, in which a safe operation of the vehicle is not guaranteed,
e.g., because the tires of the vehicle are currently changed. While attributes describe a
characteristic of a vehicle, states and features describe a behavior.

The systems engineering domain defined in [WRF115] refers to system theory, orig-
inating in biology and physics [vB50, Ber69], in which it is common to differentiate
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between two behaviors, the dynamic behavior and the emergent behavior. While the
first describes an evolution of the system state over time, the latter describes a behavior
that results from the combined behavior that cannot be understood based on the de-
scription of the system elements only [WRF*15]. Dynamic behaviors of a vehicle are,
for example, braking and accelerating. Both behaviors describe how the vehicle’s speed
increases (for acceleration) or decreases (for braking) over time. Emergent behaviors in
the automotive domain are for example traffic jams, that [NP95] models and [BDG95]
describes as a behavior emerging from the behavior of all vehicles that interact on the
road and even moves backward [BDG95] while all individual behaviors move forward. As
automotive systems and system specifications are typically required to be understood in
all safe situations, this thesis does not differentiate between these concepts and defines
the system behavior as the dynamic behavior.

Definition 8 (Behavior). A behavior describes the evolution of a system state over time.

During system development, it is often differentiated between two system representa-
tions. First, a so-called black box view that describes the system operating with only
the system attributes from an external viewpoint. Second, a white box view that regards
the internal structure of the system and its components in addition to the system’s at-
tributes as an internal view. The connection between these two concepts is essential to
use these views. Starting from the black box view, systems engineers typically derive the
white box view from the black box view by considering the systems’ internal elements
and connections. By combining internal view and external view, the systems engineer
obtains a description of the overall system.

2.1.3 Systems Engineering Methodology

While the previous section focused on the definition of the system, this section now moves
to the engineering part of systems engineering. As empathized in [Rum96], traditional
engineering disciplines usually apply norms, standards, and guidelines to support the
engineering processes in all product development phases. This observation also manifests
in the different views on systems engineering. As the definition of the system in systems
engineering, also the the definition of systems engineering depends on the considered
literature as the following examples reveal:

“At NASAs, systems engineering is defined as a methodical, multi-disciplinary
approach for the design, realization, technical management, operations, and
retirement of a system” [Shel7].

Systems engineering is an “interdisciplinary approach governing the total
technical and managerial effort required to transform a set of stakeholder
needs, expectations, and constraints into a solution and to support that so-
lution throughout its life” [ISO15].
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“Systems engineering is a multidisciplinary approach to develop balanced
system solutions in response to diverse stakeholder needs” [FMS14b].

Despite their differences, all definitions of systems engineering mentioned above have
in common that they highlight an interdisciplinary aspect of systems engineering, which
also manifests in the different systems and engineering disciplines involved in systems
engineering. As [WRFT15] explains, systems engineering is typically applied in large
and complicated system development projects in different disciplines, such as medical,
infrastructure, and transportation. All these disciplines have in common that multiple
disciplines are of interest and involved in the system development process. For example,
biochemical engineering experts must understand the human body and its behavior in
medical system development. In contrast, technical experts from electrical, mechanical,
and software engineering are needed to develop systems that cure or analyze the human
body in different application scenarios.

Additionally, in most transportation systems, many engineering disciplines must inter-
act to realize transportation systems. For example, chemical, electronic, or other physical
processes build the foundation to implement a propulsion system based on energy con-
version. Moreover, boundary conditions from the environment, such as properties from
fluid mechanics, affect the system’s ability to move efficiently in its environment. Fur-
thermore, broader environmental influences on or from the system must be understood
to ensure sustainable and resource-efficient use and disposal of the transportation sys-
tem. Because of the interdisciplinary nature of the systems developed with a systems
engineering approach, systems engineering must also be an interdisciplinary approach
to reflect the interdisciplinary nature of the analyzed and developed systems. Another
essential aspect of systems engineering is stakeholders and their needs, as especially the
definitions from [ISO15, FMS14b] indicate.

Definition 9 (Stakeholder according to [ISO15]). According to [ISO15], stakeholders are
individuals or organizations with a right, share, claim, or interest in a system or its
possession of characteristics that meet their needs and expectations.

These needs and expectations from a stakeholder manifest in the fixed term of stake-
holder needs. The work from [GJ10] urges system developers to pay more attention to
stakeholders that are neither individuals nor organizations, such as the environment or
other technical systems. Therefore, this thesis also regards any other actors as stakehold-
ers as long as they might withdraw their support if their wants or expectations are unmet
or inflicting unacceptable levels of damage to the system or its environment [GJ10]. The
following SE definition describes the definition used throughout this thesis and combines
these views.

Definition 10 (Systems Engineering (SE)). Systems engineering is a multidisciplinary
approach that provides methods for a system’s design, realization, technical management,
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Figure 2.1: The Process, Methods, Tools and Environment (PMTE) paradigm based on
[Mar94].

operations, and retirement. Systems engineering aims to provide system solutions based
on diverse stakeholder needs for the system’s complete life.

As this definition shows, systems engineering summarizes multiple methods in differ-
ent phases during a system’s life cycle in the context of processes, methods, and tools
embedded in an environment.

As [Est07] describes, differentiating between the terms systems engineering process
and methodology is crucial. This difference manifests in the underlying PMTE paradigm
[Mar94] that defines the relationship between processes, methods, tools, and environment
as follows:

e A process describes a logical sequence of required tasks to achieve an objective.
In other words, it describes “what” has to be done without specifying “how” to
perform this task.

e A method specifies the techniques needed to perform a task. Therefore, it describes
“how” a task has to be done and concertizes the task description from a process.

e A tool is an instrument that aids in executing a task by supporting the applying
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a method. It aims to enhance the efficiency of the task when applied by a user
with the right skills and training. Therefore, it refines the “what” and the “how”
dimension [Mar94].

e An environment consists of external objects, conditions, or factors that influence
an object’s actions, person, or group [Mar94]. The conditions are often social,
cultural, personal, physical, organizational, or functional. Typical environment
categories are e.g., computing environment, communication environment, personal
environment, managerial environment, physical environment, and system life cy-
cle environment. According to [Est07], purpose of a project environment should
therefore be to integrate and support the use of the tools and methods used on
that project.

According to the PMTE paradigm, a process is supported by methods, which are sup-
ported by tools integrated into and supported by an environment [Mar94]. As some com-
pany requirements might even be hostile to introducing new methods and tools [Mar94],
it is vital to have a supportive environment for introducing new methods and tools. To
better understand this concept, Figure 2.1 presents the relationships graphically. Com-
bining the elements of the PMTE paradigm leads to the notion of a methodology.

Definition 11 (Methodology as in [Est07]). A methodology is a collection of related pro-
cesses, methods, and tools. It aims to provide a general approach that applies these
related processes, methods, and tools to a class of related problems.

This general definition of a methodology applies to a systems engineering methodology
by restricting the application to processes, methods, and tools regarding related systems.

Definition 12 (Systems Engineering Methodology). A systems engineering methodology
is a methodology that collects related processes, methods, and tools to apply them to a
class of related systems [Est07].

While methods and tools are typically company-specific, there exist several stan-
dards and related work on systems engineering processes such as [ISO15], [Shel7] or
[WRFT15]. Since these processes aim at general applicability, the life cycle models and
systems engineering processes often are only partially applicable in some system devel-
opment projects. Therefore, the guideline from [WRF*15] suggests a project, industry
or company-specific tailoring of these processes to adapt it to individual needs. How-
ever, the tailoring of methods is a balance between risk and costs. As processes that
profoundly diverge from a standard are often not well explored and, therefore, more
likely to fail [WRF*15]. On the other hand, untailored processes are often more time-
consuming and costly to execute, since executing all defined process steps is mandatory,
regardless of whether or not executing the process step is helpful in this level of detail in
the respective company or system development project [WRFT15]. A detailed overview
on the tailoring and the summarized standards is for instance provided in [ISO15] and
[WRFT15].
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2.2 Model-Driven Systems Engineering

There is a common differentiation between two contrasting approaches to software and
systems engineering made in the systems engineering literature: the document-based and
the model-based systems engineering methodology [WRF'15, FMS14b, Rum16]. For ex-
ample, [WRFT15] states that the document-based approach to systems engineering is
the “traditional” systems engineering methodology. Following this approach, the system
specifications manifest in documents e.g., interface control documents, system descrip-
tion documents, trade studies, analysis reports [WRFT15], or test reports containing
verification and validation results. Since the document-based approach relies on nu-
merous stand-alone documents, the different document-responsible engineers often edit
these documents independently. As a result, inconsistencies between and within doc-
uments must be accepted in editing at first and recognized and corrected in a second
step [Rum16], the main challenge of a document-based systems engineering approach is
the maintenance and synchronization of information contained in the documents, which
results in additional efforts for document handling, which is also the primary drawback
of the approach.

In contrast to this traditional document-based methodology, the model-based ap-
proach to systems engineering captures the system information in a unified system model
[WRF*15]. According to [Sta73], a model must fulfill three characteristics:

1. Tt must reproduce or represent an original,

2. it must reduce the properties of this original to those that are known or relevant
to the modeler and

3. it must fulfill a replacement function to achieve a specific purpose.
System models in systems engineering typically fulfill these characteristics, as:

1. A systems model represents the system under development in a systems engineering
process.

2. It reduces its properties to those known or relevant in the current development
state.

3. Serve different purposes throughout the system development process, such as sys-
tem design, realization, technical management, operations, or system retirement.

Considering automotive system models, this understanding is extendable to the following
definition of an automotive system model.

Definition 13 (A System Model in the Automotive Industry). A system model in the
automotive industry is a system model according to [Sta73] that reproduces or represents
the original automotive system.
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As a paradigm to create these models, the model-based engineering paradigm is ap-
plicable [Sch12]. This principle is often applied in mechanical, electrical, and software
engineering [FMS14b]. In mechanical engineering, for example, traditional hand-drawn
part drawings that specify the design of a mechanical component shifted to digital CAD
models that support the manufacturing process after the design phase and enable sim-
ulation for cheap and efficient verification and validation. Moreover, mechanical system
design methodologies like those presented in [PBFGO07] or [BG21] further formalized the
engineering design. Likewise, electrical engineering changed from document-based circuit
design that draws on drawings to a computer-aided circuit design and analysis method.
Consequently, software engineering [Rum96, Rum16, Rum17] and CASE [MNS96], also
use computer-aided methods. Starting from the 1980s and particularly after the intro-
duction of UML in the 1990s, graphical models slowly gained relevance by providing
additional abstraction levels on top of the programming language.

A similar trend from document-based to model-based development approaches is also
observable in systems engineering where a similar mathematical formalism for MBSE
was introduced simultaneously in [Wym93]. Which, the INCOSE later identified as a
goal to improve systems engineering in their “Systems Engineering Vision 2020” [INCO07]
by proposing a further integration of MBSE methods into the SE process.

In addition to this development goal, the INCOSE also provides a general MBSE
definition, which is also used in many other relevant publications [FMS14b, WRF*15,
Est07] and is also used in this thesis.

Definition 14 (Model-Based Systems Engineering (MBSE) Definition as in [INCO07]).
Model-Based Systems Engineering (MBSE) is the formalized application of modeling
to support system requirements, design, analysis, verification, and validation activities
beginning in the conceptual design phase and continuing throughout development and
later life cycle phases.

Focusing on automotive system development, models can also have other particular
forms. Mathematical models aid in decision-making based on several criteria [AK94], or
to assist in further developing the vehicle features and attributes that increase customer
satisfaction and thus combine business and technical decisions [YGO8]. Furthermore,
models simulate vehicle properties [DRYO01] or vehicle production [TW05, WMO™16] in
different projects. Moreover, physical vehicle models and people models are also used
for crash simulation, especially in the field of safety [HASHO07]. As these examples show,
models can have different forms, such as mathematical, textual, graphical, or physical.
Additionally, system models can have different purposes. For example, system models
in the systems engineering process not only enable systems engineers to specify the
structure of system components based on their boundaries and connections but also
to specify a components behavior in terms of the reaction of the system to its inputs
e.g., in terms of its physical movements, communication, decision making, or other
observable actions. Moreover, requirement and parametric specification mechanisms
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support specifying constraints these elements should fulfill. In a well-performed systems
engineering process, the models for different system development steps should be reusable
as inputs of the following development steps. In this case, the system model elements
divide into connectable model elements of different domain-specific modeling languages.
For example, the overall component design could be described in the SysML, all software
components in a programmable version of the UML and all hardware components in CAD
and CAE models. For example, the models or model elements of a unified model used for
system design should be suited for a system analysis, which themselves should be suited
for system verification and validation. From this model reuse for different development
steps arises the challenge of making the created system model reusable for all these
different purposes. While reusing descriptions in the context of system requirements
and design needs an excellent interconnection within a logical domain, describing and
executing test cases often requires various system model elements to be applicable in
the involved engineering domains. During the testing of a system functionality, for
example, co-simulations are a way to connect simulation model elements from different
engineering domains into an overall system simulation. Manual or automatic exchange
mechanisms are applicable to exchange all necessary information between the different
system model elements. For example, CAD models from the development stage could be
used to generate production instructions for the production stage [DJR*19]. Therefore, a
system model may serve as a crucial driver in system engineering projects whenever high
degree of automated artifact generation and tool connection is possible and provided.

However, as stated in [Lev09], engineers use the word model in such a vague way that
a model would include any description in an engineering context. Thus, a vague MBSE
definition as Def. 14 provides also includes a creation of multiple graphical models in
the same form as a document-based SE approach. The primary reason for this is that
creating a formal modeling alone does not imply that the created models generates any
use for system development or are further used as artifacts of the system development
process, as also [BR23] states as one of its key insights. For example, [Lev09] states that
any system description that uses text accompanied by graphical models and other formal
descriptions would meet an interpretation of the MBSE definition in [WRF*15], which
in [Lev09] is also called a description-based engineering approach. deliberately this is
done the better. Consequently, if a document with comprehensive model information
becomes the primary artifact of the SE process, the difference to the document-based SE
approach is almost negligible. Even worse, using models this way might only increase
the effort for the model creation on top of the efforts required for the document-based
process. Hence, all drawbacks of this approach still apply to this process without adding
the benefits of a model-based systems engineering approach.

To differentiate between these potential application of models in software engineering,
software engineers use a model-driven approach whenever the model should not only be
an ordinary development artifact but a vital artifact of the development approach. As
[Sch12] defines, model-driven software engineering is a model-based software engineering
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approach in which formal models serve as a central and essential artifact. To this end,
[Sch12] defines the automatic processing of models in different software development
stages using methods such as analyses, generation of automated test cases, or generation
of complete software systems. To apply this definition to systems engineering, the term
Model-Driven Systems Engineering (MDSE) is used in this thesis to describe a model-
based systems engineering approach, where system models are the key artifacts of the
process based on [DJRT19].

Definition 15 (Model-Driven Systems Engineering (MDSE) based on [DJR19]). Model-
Driven Systems Engineering (MDSE) is a MBSE approach in which system models are
the key artifacts of the engineering processes. For that reason, system models created in a
MDSE approach must be sufficient to generate (by model refinement or transformation)
other descriptions that address system requirements, design, analysis, verification, and
validation activities.

Apart from the systems engineering methodology, other modeling paradigms and prin-
ciples can be applied during a model-driven systems engineering methodology. Moreover,
the term MDSE only defines the role of models in a systems engineering process sup-
ported by methods, but not the kind of processes, methods, and models suited to describe
and develop systems in a model-driven approach. Consequently, the following sections
further investigate different modeling paradigms, languages, and methodologies, as well
as their relevance for the system development processes of the automotive industry.

2.3 Functional Modeling Paradigm for Automotive Systems

Especially in the automotive industry, innovations in system development are driven by
new features, i.e., functionalities the vehicle can provide to its users. As [BMMO09] shows,
the number of innovative features increased drastically from 1950 until today, which not
only manifests in the change of a mechanical design but also the integration of electrics
and electronics [CBK'13], and software components [EF17]. As defined in Def. 7, these
new features consist of independent end-to-end functionalities that benefit at least one
stakeholder. Ome of the main challenges in system development is the description of
these functionalities and their integration into the product under development.

The functional development paradigm[HNZ123] describes a system’s functionality in
terms of how it interacts with its inputs and outputs [HE88]. To precisely specify and
model such functional interactions, [BS01] introduces the FOCUS theory, which formal-
izes exchanged processed information within and between several functions as streams,
and the functions as stream processing functions as an exchange of discrete data mes-
sages [Brol0, Brol8]. In this context, several other works focus on different aspects of
modeling such systems. For example, [Rum96] provides a general method to specify
distributed object-oriented systems, [Worl6] extends the MontiArc modeling language
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from [Hab16] for also modeling automata based on the foundations of the focus theory,
and [vW20] provides another extension to express embedded systems.

All of these methods have in common that they mainly focus on the software side
and information flows. Since cyber-physical systems such as modern vehicles process
many different inputs and outputs such as fuel, electrical energy, luggage, persons, con-
trol inputs, media information, or radio signals, it is hard to differentiate between their
input and output types in more general considerations that also include energies and
materials. Thus, two issues arise: First not all of these signals are discrete, second a
differentiation between the different occurring types is challenging. To address the first
issue, the FOCUS theory was extended to dense and hybrid systems [BroO1b, Bro12]. To
overcome the second issue, construction design literature such as [PBFGO7] or [KK98]
suggest differentiating between energy, material, and signals. The idea emerged from
the philosophical theory of ur-alternatives, also called archetypal objects [Wei84], which
identifies energy, matter, and information as elementary concepts for system description.
Because the functional specifications considered in [KK98] and [PBFGO7] only consider
information that systems exchange, they only consider signals, i.e., physically encoded
information for the exchange between entities. As this concept conforms to the under-
standing of data in computer science, the remainder of this thesis refers to it as data.
Because the development of a cyber-physical system is based on information exchange
between the members of the system or between the system and its environment [BS01],
only data is suited for an exchange in this model; therefore, unencoded information
cannot appear for consideration in this framework.

As information encoded in data, also energy is typically conveyed in different forms
between systems or between a system and its environment. For example, an electric
motor converts electrical into mechanical and thermal energy [PBFGO07], a combustion
engine converts chemicals into mechanical and thermal energy [PBFGO7], and a steam
engine converts thermal into mechanical energy [PBFGO07]. Thus, many forms of energy
exist, such as chemical energy that results from chemical reactions, mechanical energy,
such as kinetic energy of a moving object, potential energy stored by an object, or thermal
energy. Since energy cannot be lost, which manifests in the law of energy conservation
that states that the total energy in isolated systems stays constant [FLS65], energy must
be transformed to achieve a different form of energy. Due to this law, no system without
an external power supply can deliver an unlimited amount of energy [Pla03]. Thus, a
perpetual motion machine, e.g., a vehicle that drives forever without an external power
supply, cannot exist. Since the notion of energy in the functional modeling paradigm
relies on the abstraction of energies from its transmission encoding, material flows of
chemical substances solely used for energy production are energy flows, not material
flows. Thus, instead of modeling a fuel flow as a material flow, the functional modeling
paradigm would require modeling an energy flow for chemical energy.

As this example shows, also materials are conveyable in different forms. According
to their physical definition, everything with a volume and a mass is a material [SB91].
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Figure 2.2: A Cyber-Physical System processes input and output flows of energy, mate-
rial, and data.

Apart from this differentiation, materials can be solid or fluid, which results in different
behaviors when used at the inputs and outputs of a system. While solid items form a
flow of discrete items, fluid materials are conveyed continuously.

Moreover, as stated in [PBFGO07], materials cannot only be separated, dyed, coated,
packed, transported, or reshaped, but also have their state or shape changed entirely.
For example, production plants often turn raw materials into part-finished and finished
products [PBFGO07]. In this process, the mechanical parts reach their final shapes and
surface finish during production and also undergo rigorous tests that might ultimately
destroy them. Throughout a product’s life, the product itself or its material can also
reach the end of life. It might be recycled, which in the reverse direction transforms
finished products into raw materials for new products.

Without a semantically sound modeling mechanism, it is possible to use a natural
language to describe a function. [PBFGO7] suggests using verb and noun pairs such as
“increase speed”, “transfer torque”, or “reduce speed” for a natural language specification
followed by a specification of the physical quantities.

Time is essential in these concepts, especially when the systems exchange data, ma-
terial, or energy at their inputs and outputs. The notion of time is implicit in the
specification of cyber-physical functions in the channels that input energy, material, and
data.

Since technical systems such as vehicles typically perform more than one function,
the function of a technical system can be summarized as a cyber-physical function (cf.
Figure 2.2) that the system performs based on the inputs and outputs it receives or
sends at its boundary. These functions are not intended to represent a specific techni-
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Figure 2.3: Functional decomposition of an overall function to interconnected subfunc-
tions on decomposition levels based on [PBFGO7].

cal solution but intentionally represent an abstract solution-neutral task. By this, the
technical implementation is still open in later development phases, and better-suited
solution alternatives are unrestricted as long as they are suited to perform the abstract
task specified by the cyber-physical function. Because systems often fulfill multiple pur-
poses, a system may also have multiple functions with other input and output behaviors.
For that reason, it is good practice to create multiple views on the system e.g., one for
each function, to make a differentiation between the functions more accessible. By this,
the black box view that only describes the inputs and outputs of a system emerges into
a more transparent view, in which only the currently relevant input and outputs are
visible.

Functional decomposition is an important principle that further specifies a system’s
function. Following the divide and conquer principle, functional decomposition subdi-
vides complicated functions into multiple distinctive subfunctions that each fulfill sub-
tasks of the overall function and together realize all aspects of the overall function.
According to [PBFGO7], the overall function must additionally govern the interaction
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of the subfunctions by certain constraints or ensure that one subfunction finishes before
another subfunction starts. The overall functionality, however, is still a composition of
the individual subfunctions. Moreover, combining different subfunctions that realize the
same or a slightly modified overall function is a good starting point for variability or
related system architecture alternative evaluation as required in automotive standards
such as ASPICE [SPI15]. To visualize these interacting functionalities and functions,
[GHK™08a] suggest the introduction of function nets, i.e., views of related functions,
to visualize the interconnection of systems for features, variants, and modes. The same
principle is also suggested in construction theory [PBFGO07] under the term function
structure to subdivide a black box view of a system into interconnected black box views
of a system.

2.4 Variability in the Automotive Industry

System variability is one of the significant complication drivers in the automotive indus-
try. Since manufacturers of automotive systems have to constantly adapt their system
due to changing technology and customer requirements, those manufacturers who can
produce and market their products particularly well under these changing conditions
have been successful for some time [ZVCO06]. Consider, for example, a car manufac-
turer that can adapt its infotainment system to different brands and vehicles compared
to a car manufacturer that has individually developed this system for each vehicle. In
that case, the manufacturer with the possibility of adapting its system, can massively
reduce the development efforts because, instead of developing several different systems
for each brand or vehicle, only one adaptable system must be developed. Although the
development effort for this adaptable infotainment system is higher than the effort for
an infotainment system for a single vehicle, the total effort for developing an adapt-
able system is lower than developing independent systems for different manufacturers
of different vehicles. Therefore, the manufacturer with the possibility of adapting its
system has an advantage over the manufacturer without these possibilities. However,
in addition to developing a customizable system, it is also conceivable that instead of
developing a customizable system, manufacturers could develop a series or line of several
related systems where the development and production effort is reduced, for example,
by designing the systems such that some parts are reusable. For example, many vehicle
manufacturers produce series or lines of vehicles that share the same parts, such as doors
or engines, to reduce each vehicle’s cost and development time [Web09]. In order to offer
these flexibly adaptable products and product lines, the automotive industry uses various
techniques to handle different system variations, which are generally summarized in this
thesis under the term system variability. These variability techniques aim at developing
adaptable i.e., variable systems that can cover several use cases instead of a specific
system for a concrete use case. As the examples of the infotainment and drive system
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show, there are two approaches: Either develop a customizable system that can cover
multiple use cases or can be adapted to different use cases by simple customization, or
develop a group of related systems using the same development artifacts that address
these use cases collectively. Since most automotive systems are mechatronic systems,
approaches are therefore used not only for hardware development but also for software
development.

2.4.1 Mass Customization

Mass customization is one of the principles automotive manufacturers apply in systems
development to adapt the system to changing customer requirements. The literature
on mass customization in [TVRNO1] and [TVRNRNO04] defines mass customization as
the ability to produce varieties of customized products quickly, on a large scale, and
at a cost comparable to mass-production through technical and managerial innova-
tions [TVRNRNO4]. It aims to produce high-volume customized products at low costs
[DBFO01]. To achieve this aim, [JCA04] suggests postponing the differentiating of a prod-
uct for a customer to the latest possible point in the supply network. For the production
of a vehicle, this means, for example, that the adaption of the vehicle to the customer
requirements is traditionally postponed to the production of the vehicle [ASNOO] or even
left to the customer in after-market sales, where the customer can buy and integrate
additional functions at the dealer or in the in-vehicle infotainment system [BCSLSO05].
To achieve product customization, [ASN0O] suggests three strategies for different pro-
duction volumes. For lower production volumes and customers with a low cost-sensitivity
[ASNOO] suggests a core customization, where a core product serves as a starting point
for tailoring a bespoke product. Based on the customer’s selection of predefined and indi-
vidually tailored features as well as uniquely defined requirements, an individual product
variant of the core product is developed. Therefore, core customization achieves a high
degree of customization, but might result in high efforts and costs. As a consequence of
core optimization, not only might the design and manufacturing of the resulting system
might change, but also the manufacturing and distribution of the product. For high-
volume system development projects with cost-sensitive customers, [ASNOO] suggests
an optional customization approach from a plethora of options that are integrated into
the system design such that the system design does not change due to the selection of
the available options. Finally, for high-volume systems with highly cost-sensitive cus-
tomers [ASNOO] suggests a form customization, where the form of the standard product
is changed at the dealer and not at system production, i.e., by later adding parts or con-
figuring the product later at the dealership to tailor the system to the customer needs.
Apart from these technical form changes, contract changes such as different warranty
options, insurances, or service options are also part of this form of mass customization.
Since the automotive industry does not only distribute vehicles to end customers
(OEMs) but also vehicle parts to vehicle manufacturers (Tier 1), non-vehicle parts to
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vehicle part suppliers (Tier 2), or raw materials (Tier 3), all of these configuration options
also apply to business-to-businesses contracts and mixed supply chains. To provide a
core customized vehicle to an end-customer, an OEM could, for example, contract a
Tier 1 supplier to produce an optional customized vehicle system, for which the Tier
1 supplier contracts a Tier 2 supplier to produce form customized products. Thus,
these customization principles are often not applied individually but combined within
the system and its decomposition.

2.4.2 Modularity and Platforms

To enable mass customization for manufactured automotive systems, automotive com-
panies use modularity concepts [WLDM20]. According to the general definition of
modularity-based manufacturing from [Ulr95], modularity is the application of stan-
dardization and substitution to create modular components and processes suited for
configuration into a wide range of products to meet specific customer needs. As stated
in [Sch00], system theory, also used as a fundamental of systems engineering, is very
suited for defining modular systems. The main reason is that systems engineering strives
to decompose the system of interest into system components that are again systems de-
composed to components. Hence, this form of decomposition supports the substitution
principle that the definition of modularity according to [Ulr95] requires. Especially in
the automotive industry, modularity plays an important role. For a better distinction,
[Mac13] identifies three subtypes of modularity.

First, there is the modularity-as-property definition according to [Ulr95]. Following
this understanding, modularity is a system or product architecture property in which
a precise and unique mapping exists from system functions to executing components.
Consequently, according to the modularity-as-property understanding, an ideal system
has a one-to-one mapping of functions to a realizing system or physical component.
As a result, the interface design of the system primarily serves to decouple systems
into reusable modules. Integrality is an opposing property of a system that realizes a
one-to-many or many-to-one architecture i.e., a system that fulfills multiple functions
or functions realized by multiple systems. As stated in [Macl3], this understanding of
modularity is rarely achieved or desirable, as it fits relatively few products. One of the
main reasons for this is the resulting interfaces, which strive to achieve a functional de-
coupling of the realized systems to achieve a one-to-one mapping of functions to systems
but neglect other characteristics, such as the utilization and load of the input and out-
put channels. As a result, the interfaces tend to cause a high information, energy, or
material exchange, which usually do not meet other system design requirements such as
performance or specific quality requirements. Consequently, other works on modularity-
as-property [Sch00, Fix05, Bal08] argue that modularity is only a range since all systems
can have some form of modularity [Sch00], that a non-ideal but sufficiently good system
has fewer inter-module dependencies than intra-module dependencies [Bal08], and that
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the degree of modularization must follow from the system decomposition [Fix05] (and
not vice versa, as an ideally modularized system would aim for).

Based on these findings, [Mac13| identifies the second understanding of modularity in
the automotive industry, the modularization-as-process. As stated in the observations of
[Sim91], a system decomposition is not solely an architectural property that leads to a
single goal (such as modularity) as the previously described understandings emphasize,
but is more an evolutionary process that strives to gradually advance one ore more design
goals [Mac13]. Thus, the system architect, i.e., the systems engineer that defines the
system decomposition, system boundaries, and its interfaces, plays an essential role in
this process, as the role is concerned with handling and evaluating different interests and
objects, which may lead to different system modules and interfaces [BC00].

Finally, [Macl3] aims to combine both views for the automotive industry by intro-
ducing modularity-as-frame, which sees the modularity of a system as a mental frame
for systems engineers, which derives a particular dynamic and directionality as a result
of the interplay between modularity-as-property and modularization-as-process [Mac13].
In other words, modularity as a frame accepts that modularity is not only a particular
property of a system but also an inevitable process in which system designers who strive
to design a modular system must constantly adapt a modular system design to different
goals or priorities. Based on this observation, [Macl3] argues that modularization-as-
process might not always lead to a greater modularity-as-property but might also cause
an unintentional integrality. As an initial frame for a modular system development, sys-
tems engineers equally rely on a modularity-as-property and modularization-as-process
understanding, which then has to be adapted and optimized in the following steps us-
ing principles and concepts from both modularity-as-property and modularization-as-
process. Thus, [Macl3] argues that seeing modularity as a cognitive frame might assist
systems engineers in shaping the interrelationship and dynamics of change between these
two aspects.

As a particular case of the general modularity concept, the automotive industry uses
the platform concept [ML97, Muf99], in which modular components, modules, and tech-
nologies form a reusable basis for various products. A platform of modular components
forms a building kit or toolbox for system designers, which provides a set of reusable
and modifiable elements forming the backbone of the system development. Using these
building blocks enables automotive system designers to design various products for differ-
ent market segments and application scenarios by combining different components from
a platform in various ways, configurations, or with additional non-platform elements.
By this, a platform provides several benefits for automotive systems engineers: First,
reusing already developed components reduces the development costs as no additional
development efforts are required; second, a lower development effort for new components
leads to faster times to market; and third, providing a different possible combination of
the modular building kit enables automotive system developers with greater flexibility to
changing market demands. As an additional organizational advantage, using a common
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platform enables automotive manufacturers and suppliers to distribute the platform de-
velopment costs over several development projects since the same platform serves as a
basis for different systems [Muf99]. By this, the platform components, which for a single
system might cost more in the development due to additional modularity development
efforts [SRW98], realize savings as the reuse of the modular components saves more ef-
fort if significantly many systems use the elements from the platform [FS03]. Especially
for mechanical and electrical components, companies that apply the platform concept
in their product development and production report additional cost savings since mass
production of standardized parts usually improves the product quality while reducing
the production costs, as shown in [HU14].

Because of these advantages, many automotive manufacturers use platforms in their
vehicle development projects. One application scenario is cross-brand platforms, where
different brands of a group of vehicle manufacturers share a similar platform. For exam-
ple, the Volkswagen Group uses the MQB (Modularer Querbaukasten) platform through-
out several brands of the Volkswagen Group with transversely installed combustion en-
gines for the MQB such as VW, Skoda, Audi, and Seat. Apart from these inter-group
platforms, shared platforms between manufacturers of different groups are possible and
commonly used in the automotive industry, as BMW’s Cluster Architecture (CLAR)
platform shows, which is used for a broad range of BMW models and shared with Toy-
ota for the fifth generation of the Toyota Supra. Even though the platform concepts are
often associated with vehicle platforms, system and component platforms are common.
As OEM system platform, the Volkswagen Group has, for example, the MIB platform,
which provides a platform for the infotainment systems used in the group brand. While
predominantly OEMs also have system platforms for propulsion or electrical systems,
suppliers often produce their system components following a platform concept. For Tier
1 suppliers, Continental has, for example, the Continental Automated Driving Plat-
form for the development of autonomous driving systems, which provides a variety of
adaptable components, including sensors, actuators, and control units for integration
in different vehicle platforms and configurations. Likewise, Bosch’s Automotive Con-
nectivity Platform provides software and hardware components for connected vehicles,
such as connectivity modules, cloud services, and software frameworks. It aims to be
scalable and adaptable to different vehicle models and applications. Especially for soft-
ware, the automotive industry relies on standardized platforms such as the AUTOSAR
(Automotive Open System Architecture) platform. The platforms were developed as
an open-source standard to define a common software architecture and development
methodology for automotive electronic control units (ECUs).

2.4.3 Software Variability, Features and Functions

As for mechanical and electrical components, the automotive industry systematically
reuses modular software units, aiming to achieve a higher software quality at reduced
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costs [Sch19].

Software parameterization [Gog96] is a simple but essential technique to enable soft-
ware variability in automotive software engineering. This approach uses programming
concepts, such as function parameters or global variables, to adapt the software to meet
the needs of a specific configuration in the context of a modular architecture. Following
this approach, the software components’ design and implementation support a configura-
tion based on a set of parameters that serve to customize or modify the software to meet
the specific requirements of different vehicle or vehicle system models or variants. These
parameters configure the software not only at design and production time but sometimes
also serve as a basis to reconfigure the software in maintenance later or to reconfigure
functionalities in operation after the customer receives his vehicle. Since the software
of modern vehicles often controls crucial vehicle functionalities such as the engine or
transmission, re-configurable parameters aid automotive software engineers in defining
performance characteristics of that function, such as power output, fuel efficiency, or ac-
celeration. By this, the same engine control software is reusable for different engines in
different vehicles, saving development efforts and reducing the certification and testing
efforts [ON15].

Although software parameterization is a simple and effective way to develop variable
software modules rapidly that aids in an easy integration into existing software devel-
opment processes without significant changes, it bears several risks and disadvantages.
First, the parameters might blow up and complicate the software if the application sce-
nario requires many parameters. Second, its applicability is hard to manage in compli-
cated variability scenarios, for instance, when the dependencies between vehicle variants
do not affect one but many interconnected and variable interdependent software modules
or when the configuration of the parameters correlates according to a complicated log-
ical relationship. To avoid these connections and other drawbacks, software developers
might refrain from introducing many software modules but strive to implement many
functionalities in the same monolithic software modules for which the parameters seem
more straightforward to manage. Consequently, a tendency to use integral instead of
modular software components is the third disadvantage of this approach, which, applied
on a large scale, could prevent its intended usage: The creation of modular and reusable
software components.

To overcome these issues, Software Product Lines (SPLs) are a paradigm to develop
a set of related software products that share a common platform [PBLO5] that provides
a set of features and is configurable to meet specific requirements of different vehicle
models or variants [CN02]. A SPL enables automotive system developers to design and
maintain a reusable core set of software components across multiple vehicle platforms,
reducing development time and costs. To this end, SPLs captures commonalities and
variability of a developed set of software systems to derive multiple concrete software
products utilizing a variant deviation mechanism [GJK™21]. Different methods exist
for the development of SPLs [GJKT21]. First, there is the proactive approach on SPL
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development, which designs a SPL from scratch [PBL05]. Second, there are extractive
SPL engineering methods, which aim at extracting SPLs from a given set of software
products [PBLO5].

One important concept of SPLs is the feature model [ARST14]. In contrast to the
feature definition in this thesis (¢f. Def. 7), these features represent variation points
that in software often correlate with system behavior as specified in Def. 7. Moreover,
not everything that a car configuration or manufacturer sells as a feature is a feature
according to Def. 7. For example, most vehicle manufacturers allow the customer to
configure features such as the vehicle color, a chrome finish, or an advanced driver
assistance function package, which are customer features from a variability and marketing
perspective but not technical features from a systems engineering perspective since they
are only observable characteristic of the vehicle or packages of system functionalities.
Consequently, the marketing features that lead to the vehicle configuration for vehicle
production are variation points and not technical features in this thesis.

Finally, software variability is present in automotive software engineering through
software architecture patterns and design techniques that support the development of
configurable software systems. These patterns and techniques enable the creation of
software architectures that can be easily customized or extended to meet the needs of
different vehicle models or variants while maintaining high consistency and maintain-
ability.

2.4.4 Consequences for Systems Engineering

The previous introduction to variability in the automotive industry shows that variability
is an elementary aspect and, thus, a crucial factor for automotive system development.
Hence, these aspects are required to provide a suitable framework for the methods used
to define and apply system models in the automotive industry. However, managing
variant variability and product lines is not this thesis’s primary focus. As mass cus-
tomization is omnipresent in the automotive industry, the design of automotive systems
must not only enable the mass production of customized products but also allow individ-
ual customization of the systems to be achievable despite the high production volumes.
Methodologically, this means that methods for system definition must have a mechanism
for handling variability.

Furthermore, as in automotive manufacturing, a high degree of modularity and
reusability must be achieved in system development so that system models and system
development artifacts are reusable across projects. Specifically for a system model, this
means that many of the models created in the automotive industry could be used not
only for a system development project with a concrete product as the project goal but
also for a platform project with many products on a joint construction kit, potentially
also in other contexts. Methodologically, therefore, the challenges are, on the one hand,
to create and manage models in such a way that individual systems or system elements
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are easy to extract and reuse in other models and, on the other hand, to allow the exact
system model to serve as a specification for a large number of products.

In addition to the many benefits of this high degree of adaptability and reusability,
there is also an immense risk in developing a flawed system. While unsatisfactory in-
dividual development is correctable by new development, reused systems find their way
into many products, negatively affecting a company’s long-term success. For example, a
shared infotainment system used throughout many product lines in the Group can jeop-
ardize the success of multiple vehicle projects and pose a risk to the entire Group, as it
affects all of the Group’s vehicle projects that integrate this system. Consequently, sys-
tem models and methods used in the automotive industry must be of exceptionally high
quality to counteract these risks and reservations about introducing system modeling.

In interdisciplinary research, the challenge often lies in the varying meanings assigned
to the same terms across different disciplines. Therefore, for clarification, this thesis uses
the following vocabulary about the feature as an elementary concept of variability: A
feature is an end-to-end functionality according to Def. 7 and thus is to be understood
as a technical feature. In contrast, a marketing feature is a variability item.

2.5 Modeling Languages for Automotive Systems Engineering

Tools play an important role in applying the processes and methods defined in the PMTE
paradigm [Mar94]. A suitable system modeling language is a central means to express
system models in system modeling. In MBSE, the modeling language is the elementary
description tool for defining and describing a system and serves as the basis for further
analysis, verification, and validation activities. Consequently, selecting a suitable lan-
guage is essential because it must describe all desired aspects of a system model and
is the primary means of expression for the system engineers who model the system.
Moreover, since efficient systems engineering requires a form of automation, primarily to
perform testing activities [NLF*15], system models expressed in a system modeling lan-
guage must be machine readable. For that reason, toolchains, as defined in [MWJ*22],
integrate modeling, simulation, and design tools to perform system development tasks
or to create a system solution.

According to a recent systematic literature study [MWJT22], vehicle and automotive
system development is one of the main application areas of system engineering toolchains,
followed by aerospace, machine, and aircraft systems. Furthermore, toolchains for system
design as an elementary aspect of systems engineering are a predominant application,
but also among other applications often used for software design, control system design,
and mechanical system design [MWJ122].

Accounting for over two-thirds of overall usage, the SysML (60%) [Obj19] and the UML
(15%) [ODbj17], as defined by the OMG, emerge as the predominant languages for systems
modeling within concurrent model-based systems engineering toolchains [MWJ*22]. Be-
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Figure 2.4: The SysML structure based on [Obj19].

cause of this dominance in concurrent industrial and academic use, this thesis focuses
on the SysML as a modeling language in the presented methods. However, it does
not restrict the applications to this language and encourages the use in other modeling
environments and tools in future works or adaptions of the presented method.

The Systems Modeling Language (SysML) and the Unified Modeling Language (UML)
are graphical general-purpose modeling languages that have emerged to model software
and systems, especially their designs. While both languages have some commonalities,
there are some significant differences. On the commonality side, the SysML reuses and
tailors parts of the graphical notation of the UML. Moreover, both languages share
similar diagrams, including use case, activity, and sequence diagrams. On the other
hand, there is the intended application environment. While the UML focuses on software
engineering and related fields, the SysML is a modeling language for systems [WRF*15].
It provides nine diagram types, which reuse and extend a subset of the diagrams the
UML standardizes in [Obj17]. As a means for expressing textual requirements in the
systems engineering model, the SysML additionally defines two new unique diagrams:
The requirement diagram to express the relation between textual requirements and the
parametric diagram to express the relationship between system components and their
parameters, constraints, and values. Figure 2.4 describes the relationship between the
different diagrams.

The SysML provides the package diagram to describe the organization of a SysML
model concerning package elements, which contain model elements. Figure 2.6a shows
an example of a package diagram containing package called “Four Pillars of SysML” and
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specifies its breakdown into the four sub-packages for “Requirements”, “Parametrics”,
“Structure” and “Behavior”. The SysML specification of the package diagram is analogous
to the package diagram definition in the UML standard.

To capture text-based requirements and their relationship, the SysML requirements
diagram provides a diagram surface to graphically represent these texts. The diagram
form was not originally part of the UML and is therefore on of the extensions the SysML
provides. As an example, Figure 2.5a presents a requirement diagram in which two
sub-requirements with id = 1.1 and id = 1.2 refine a requirement with id = 1.

On the one hand, system structure diagrams represent systems and their internal and
external structure as blocks. For this purpose, the SysML provides two types of diagrams.
The block definition diagram defines and classifies structural elements as so-called blocks.
As also indicated by the name of the diagram, the system presented in this diagram de-
fines the system structure, which primarily consists of the definition of system elements
and their hierarchy. Regarding the relation to the UML, the diagram type reuses el-
ements of the UML but is not fully part of the UML standard [Obj17]. Figure 2.6b
shows a block definition diagram with some essential concepts, such as generalization,
associations, and block composition. As a way to describe the internal structure and
interconnection of blocks and their parts, the SysML provides the internal block dia-
gram. For this purpose, diagram provides elements to visualize system properties, such
as ports, interfaces, and property connectors. As block definition diagrams, the inter-
nal block diagram uses elements of the UML as a basis. However, it is itself not part
of the UML standard. As an example, Figure 2.6¢ presents an internal block diagram
to visualize the inside view of the “Block Name” block from Figure 2.6b. By this, the
internal block diagram defines an internal flow between the components A and B using
ports and connections. To additionally constrain the parameters and properties of a
block, a parametric diagram provides means to constrain property values of blocks e.g.,,
to support an engineering analysis. As an example, Figure 2.5b expresses the correlation
of Newton’s second and third law of motion by describing the gravitational force of an
object as F' = m - a and relating two forces. As the parametric diagram definition is
unique for the SysML, no parts of the UML are reused in this diagram.

On the other hand, system behavior diagrams describe how the system behaves under
specific conditions. To this aim, a use case diagram describes the system functionality
by specifying the system usage concerning its interaction with external entities to accom-
plish a set of predefined goals [ZHCL18]. Figure 2.7a presents a small example of a use
case diagram with a single actor, a generalization, an extension, and a use case inclusion.
The UML standard fully covers the diagram definition. To depict an action-based trans-
formation of inputs to outputs in such an interaction, an activity diagram provides the
suitable diagram elements. In this diagram, the execution order of actions follows from
the availability of inputs, outputs, and control sequences of actions, which specify the
flow-based system behavior [FMS14b]. The diagram modifies the UML activity diagram,
and adds continuous object-flows for CPSs interaction in the form of material or energy
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flows. Figure 2.7b presents a basic activity diagram to display the essential concepts.
Especially for interface interaction, the sequence diagram enables systems engineers to
specify how systems or their parts interact with each other by specifying the message
sequences they exchange. The definition refers to UML sequence diagram and does not
make any changes. As en example, Figure 2.8a contains some of the most common con-
cepts of the sequence diagram. In another way, the state machine diagram describes the
behavior of a system entity by identifying the states the system entity may be in. Next,
the state machine provides transitions between these states triggered by events based
on the fulfillment of specific logical guards. The SysML definition of the diagram fully
takes over the UML state machine diagram. As an example, Figure 2.9a depicts simple
state machine with two states: an initial state called “Initial State” and a final state
called “Final State”. To move between these states the diagram provides a transition
from the initial state to the final state. According to the SysML specification [Obj19], all
behavior diagrams are usable for describing the element of another behavioral diagram,
regardless of its reasonableness. Thus, a use-case diagram could, for example, specify
the behavior actions of an activity diagram, and vice versa, an activity diagram could
specify the behavior of a use case.

In addition to the standardized diagrams, the SysML provides relationship elements to
describe the logical relationship between the elements of different diagrams, for instance,
the allocation of functions to elements or logical to physical elements [WRFT15]. Since
the SysML is a multi-purpose modeling language, it aims at supporting different systems
engineering methods. Therefore, it is common practice in methodologies that use SysML
as a modeling language to restrict the used elements to a subset of diagrams or diagram
elements of the language [FMS14b]. Moreover, extending the SysML with domain-
specific profiles can enhance tool support or description capacity. Both methods are
e.g., described in [FMS14b] and will be used later in this thesis to tailor the SysML to
the needs of an automotive system specification. The OMG specification [Obj19] or at
the official OMG SysML website [Obj25], also provide additional information about the
SysML, for example, concerning a newly developed release of the SysML, which also
provides a textual syntax for the graphical elements.

As a common concept, all SysML diagrams use a diagram boundary, which provides
information about the package and the name of the diagram. As this information is not
relevant for most parts of this thesis, the following diagrams do not show this diagram
frame explicitly, but orients on the UML notion from [Rum16] using the diagram notes
Appendix A summarizes.
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(b) The SysML parametric diagram.

Figure 2.5: The unique SysML diagrams.
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Figure 2.6: The SysML structure diagrams.
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Figure 2.7: The SysML behavior diagrams I.
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(a) The SysML activity diagram.

Figure 2.8: The SysML behavior diagrams II.
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Figure 2.9: The SysML behavior diagrams III.
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2.6 Methodologies for Automotive System Development

As mentioned in section 2.2, the definition of systems engineering and its variants as
defined in Def. 10, Def. 14 and Def. 15 only provides the terminology but not the meth-
ods for describing and developing systems following this model-based approach. Con-
sequently, additional systems engineering processes, methods, and tools are required to
implement a systems engineering approach in a project environment such as a vehicle de-
velopment project in the automotive industry. Previous works have performed surveys
to identify suitable and candidate methodologies for different contexts. For example,
[Gra22] compares nine systems engineering approaches to classify them as activities,
methods, or procedures to identify the research gap towards feature-driven systems en-
gineering in system development. From another perspective, [RFB12] investigates the
state of SE methodologies that use the MBE paradigm. Moreover, the INCOSE ear-
lier conducted a general survey on candidate methodologies for MBSE in [Est07], which
identified the following general applicable six methodologies: INCOSE Object-Oriented
Systems Engineering Method (OOSEM) [FMS14b], IBM Rational Telelogic Harmony-
SE [IBM10], IBM Rational Unified Process for Systems Engineering (RUP-SE) [Can03],
Vitech Model-Based Systems Engineering Methodology [L.S12], JPL State Analysis (SA)
[IRBMO05], and Object-Process Methodology (OPM) [Dor02, Dorl6]. Throughout this
survey, the presented methodologies were categorized according to the process, method,
and tools dimension according to the PMTE-Paradigm [Mar94].

Drawing on these ideas and the methodologies already identified, this thesis revisits
the candidate methodologies identified in these works. It reclassifies them concerning
RQ-1.3 (Which systems engineering methodologies exist, how is the system decomposed
in this methodology, which viewpoints are created, and which paradigm is applied?) to
identify potentials and drawbacks for their applicability in the automotive industry. To
this end, Table 2.1 first classifies the methodologies according to the PMTE-paradigm
[Mar94], to identify whether process, methods, and tools are available for applying the
methodology in an automotive system development context. Finally, the design of some
methodologies restricts their application to a reduced field or environment of application.
Therefore, the environment category identifies the restriction of the methodology to its
application domain.

Since systems usually decompose into subsystems, the next dimension of Table 2.1
investigates the system decomposition to identify how the systems engineering method-
ology aims to identify the subsystems of a system. To this end, the methodologies
differentiate whether they decompose the system into one or more categories: Usage sce-
nario, functional behavior, logical group, or physical (de-)composition. A system that
decomposes according to its usage scenario has a subsystem for each application scenario.
A vehicle decomposed to this understanding would, for example, consist of a transport
people system, a transport goods system, and more. According to functional decomposi-
tion, the system comprises (sub-)systems responsible for a concrete task or functionality.
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Table 2.1: A Systems Engineering Methodology Comparison. @ = fulfilled, © = partly
fulfilled, O = not fulfilled, §% = Automotive, ¥ = Avionics, &= = Embedded,
@ = General, # = Mechatronic.
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According to this understanding, a vehicle could decompose into a propulsion function, a
drive function, a driver assistance function, a passenger information function, a passenger
entertainment function, and more. Likewise, logical decomposition also decomposes the
system into abstract functional groups. In contrast to functional decomposition, logical
decomposition also allows logical systems to perform more than one function. Conse-
quently, a vehicle that decomposes to logical subsystems could still have propulsion,
drive, and driver assistance systems that are rather identical to their functional counter-
parts but also have an infotainment system, which combines the passenger information
and passenger entertainment functions of the previous examples. Finally, a system could
decompose physically. A physical decomposition decomposes a system according to the
physical elements of the system. As a result, each element in the system architecture
has an exact physical counterpart in the final product. Thus, a vehicle decomposed
physically would have a propulsion system, a chassis, an electrical system etc.

Many systems engineering methodologies specify the system under development sys-
tems according to different viewpoints. Therefore, Table 2.1 categorizes the systems
engineering domains according to the viewpoints they support, provide, or require. As
the most commonly mentioned viewpoints, this thesis considers the following: Require-
ments, use cases, functional architecture, logical architecture, physical architecture, and
realization. In addition, the other category indicates that the methodology also provides
other categories, e.g., for validation and verification.

Since some methodologies require or support further development and modeling par-
adigms, the development and modeling paradigm category aims to identify whether the
methodology requires or supports a specific modeling paradigm. As characteristics of
this category, this thesis considers the FDD paradigm, the MBE paradigm, the MDD
paradigm, and the MDA paradigm. The feature-driven development paradigm (FDD)
describes an agile development paradigm in which iterative development cycles with the
help of small, independent development artifacts (features) [CH11] lead to agile and
highly adaptable development [Gra22]. It is originally based on the idea of breaking
down the entire problem domain into small problems, each of which can be solved inde-
pendently by one person in a short period of time Challenges of automotive system and
simulation model development [CH11]. Moreover, the model-based engineering (MBE)
paradigm summarizes approaches that use models not only for documentation purposes,
but also for software development itself [Sch12]. As [Sch12] explains, the simplest forms
of these models can be informal models for the collection of requirements or the sys-
tem design. As a stronger variant of this paradigm, [Sch12] defines the model-driven
engineering (MDE) paradigm, as a specialization of model-based engineering in which
formal models are used as a central and essential artefact in software development. Thus,
the specification enables the users to automatically process and analyze the models and
ensure their consistency with the software system [Sch12]. Finally, model-driven archi-
tecture (MDA) describes a paradigm with the core concept to model at different levels
of abstraction by concretizing abstract models close to the problem domain through
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transformations into models that relate to a specific target platform [Sch12]. According
to the MDA paradigm, it is not specified whether the refinements are made manually,
semi-automatically or automatically [Sch12].

Because a methodology does not always uniquely fulfill or not fulfill all categories,
Table 2.1 additionally uses a third option to indicate that a methodology names one of
these categories as possible or extendable but provides no details on how to perform this
aspect or how to extend the methodology for this purpose. To further investigate these
methodologies and to explain the marked categories in Table 2.1, the following sections
give a more detailed overview of the different methodologies.

2.6.1 V-Model

One of the standard software and systems engineering models is the V-Model [Boe84],
which defines a set of processes for software development. It draws on the older waterfall
model [Ben83], which applied principles from civil engineering to the software engineering
domain. Since the first publication in [Boe84], several extensions have been implemented.
One of these extensions is the VDI/VDE 2206 standard for the development of mecha-
tronic and cyber-physical systems [VDI21], which is tailored for engineering domains
such as the automotive industry and referred to in this thesis in Table 2.1. The develop-
ment model presented in [VDI21] only consists of a process without additional methods
or tools. During this process, the system is decomposed either functionally or physically.
The viewpoints for use cases are only touched upon and not specified further. In the sys-
tem architecture, a physical system architecture is assumed, but a functional and logical
one is mentioned as a logical option in the definition of the system architecture. The
specification in [VDI21] mentions that a model-based engineering paradigm based on
modeling languages such as the SysML can shift from document-based to model-based
systems engineering but provides no own application.

2.6.2 Software & Systems Engineering according to ISO/IEC/IEEE 15288

Another collection of processes for system development is provided in the ISO/IEC/IEEE
15288 [ISO15]. The standard does not explicitly define a suggested way of decomposing
the system but mentions that logical decomposition (to which it also counts functional
decomposition) and physical decomposition are possible decomposition types. In the
same way, it only vaguely describes functional and logical architectures as possible view-
points. Viewpoints for requirements and physical architectures, however, are explicitly
required. Model-based development is a possible paradigm but has yet to be described
as mandatory or required.
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2.6.3 IBM Telelogic Harmony

The IBM Telelogic Harmony [IBM10] was part of the INCOSE Systems Engineering
methodology survey [Est07] and presents processes based on the V-model and methods
for a systems and software engineering methodology. Even though the methods and
tools are designed to be tool-independent, the vendor proclaims it to be supported by
the IBM Rhapsody toolchain [IBM10, IBM20]. During the system development process,
the system is decomposed following the physical decomposition of the product. The
methodology relies on SysML as a modeling language and provides a view of system re-
quirements, use cases, functional architecture, physical architecture, and others. It draws
on the model-based and model-driven engineering paradigms, which should support code
generation based on the modeling artifacts [IBM10].

2.6.4 IBM Rational Unified Process for Systems Engineering (RUP SE)

The other IBM methodology is the IBM Rational Unified Process for Systems Engineer-
ing (RUP SE) [Can03], which was also part of the INCOSE Survey [Est07]. It provides
a process framework with methods for the IBM modeling tool Rhapsody [IBM20]. As
IBM Telelogic Harmony, it is consistent with the V-model. The methodology is em-
bedded into the RUP [Kru04] and addresses the needs of systems engineering projects.
During the process, the system is decomposed functionally to adequate functionalities
to realize the system use cases and logically to subsystems realizing the functionalities.
Since the logical system decomposition is the driver of the system decomposition, it is
marked as decomposition type while functional decomposition is only listed as an op-
tion in Table 2.1. During the systems engineering process, the RUP-SE methodology
introduces views for requirements, use cases, logical and physical architecture, realiza-
tion/implementation, and others mostly related to the verification and validation of the
system under development. It proclaims model-driven system development paradigm as
engineering paradigm [BBCMO6] using models based on the diagrams of the UML or
SysML.

2.6.5 Vitech Model-Based Systems Engineering Methodology

The Vitech Model-Based Systems Engineering Methodology is another methodology
investigated in [Est07], which was only later officially published in [LS12]. For this pur-
pose, the methodology provides processes and methods. It strongly connects them to
the Vitech MBSE tool CORE without detailing this support or connection to keep the
methodology tool independent. Following the methodology, the system levels form ac-
cording to an onion model. First, the system of one level is modeled. After completing
this level, this onion layer is “peeled off” to explore the next level. The decomposition is
carried out using the system architecture of the level under consideration, which primar-
ily follows the physical decomposition of the product, which is allocated to an orthogonal
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functional behavior decomposition. The orientation is towards the system evolution but
reflects the final physical decomposition of the realized system. Executing the MBSE
process following the provided methods results in several viewpoints of the system: A
system requirements viewpoint, a functional behavior viewpoint, a physical architecture
viewpoint, a design realization viewpoint, and others viewpoints for verification and val-
idation. In the methodology, models are firmly anchored in the system development
process, which is why a model-based development paradigm exists.

2.6.6 JPL State Analysis (SA)

The next methodology presented in [Est07] is SA [IRBMO05]. It is a methodology by
the JPL for the application in aerospace systems engineering projects and provides pro-
cesses, methods, and tools for this domain. The system decomposition in SA follows
a functional decomposition scheme resulting from functional behavior analysis. The
methodology relies on creating viewpoints for system requirements, operational (use-
case) scenarios, functions, and (physical) components. According to SA, the system is
developed following a model-based development paradigm, combining target and state
modeling.

2.6.7 Object-Process Methodology (OPM)

The OPM [Dor02] relies on a formal paradigm for which it provides methods and tools. It
follows a model-based engineering paradigm for which it provides its own systems mod-
eling language: the OPL [Dor02]. The method also provides tools [DRBS03, DLM10].
The OPM relies on the principle that a system’s structure and behavior are highly in-
tertwined and that separating these two aspects might harm the system development
process [Dor02]. To overcome this challenge, the OPM proposes an orthogonal decom-
position in a behavioral or functional and a structural or physical decomposition simul-
taneously. Instead of multiple diagrams with multiple views, such as proposed by the
OOSEM using the SysML [FMS14b], the OPL considers only one language/diagram for
system specification. However, as described in [Dorl6], both use cases, as in a use case
diagram, i.e., functions and processes described as activities, and the physical decom-
position as in a SysML BDD or IBD are decomposed. Consequently, the methodology
provides views for requirements, use cases, functional architecture, physical architecture,
and others, but the individual views are more separated than SysML-based methods.

2.6.8 INCOSE Object-Oriented Systems Engineering Method (OOSEM)

The OOSEM [FMS14b, LFMO00] is an object-oriented systems engineering methodology
that supports a top-down model-based approach. It is consistent with the V-Model
[RFB12] and uses SysML for specification, analysis, design, validation, and verification
of the system and provides processes and methods for the application [FMS14b]. The
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OOSEM was developed together with the SysML [LFMO00] as a profile of the UML
[Obj17] [FMS14b]. Because no specific SysML unique modeling tool is named and pro-
vided, the tools aspect is marked accordingly in Table 2.1. The OOSEM decomposes
the system logically as well as physically [FMS14b]. Since the logical decomposition
defines the next decomposition layer, only this decomposition aspect is marked as ful-
filled and the physical decomposition as possible or extendable in Table 2.1. According
to [FMS14b], a system model consists of elements that represent requirements, design,
test cases, design rationales, and their interrelationship. In this context, the OOSEM
defines views for requirements, system use cases/scenarios, logical decomposition and
logical subsystems, physical/technical hardware and software components, and their de-
ployment /realization. In addition, other views e.g., for test cases, are created.

2.6.9 Function-Based Systems Engineering (FuSE)

Function-based systems engineering, as presented in [HMSTO07], draws on the functional
modeling paradigm [PBFGO07] and applies it to a system development process. The sys-
tem models play an essential role in the system development process and are successively
expanded through the different refining views of the system engineering methodology.
In this process, first, a black box functional model is created. Next, a conceptional
functional model that decomposes the black box functional model into sub-functions
is determined as a functional structure. Then, the sub-functions are assigned to their
executing systems to identify the system boundaries. Finally, the requirements are de-
composed to the sub-function level, and a behavioral model for the sub-functions is
created. These models allow potential system solutions to be iteratively identified and
iterated until a suited system realization is found.

2.6.10 Software Platform Embedded Systems (SPES)

According to the developers of the SPES methodology, the model-based engineering of
embedded systems is a relevant topic in the automotive industry [PHAB12]. Thus, this
thesis also considers this methodology in Table 2.1. The SPES methodology provides
processes and methods for developing embedded systems based on a model-based engi-
neering paradigm. According to SPES, a systems engineering design space consists of
(but is not limited to) requirements and functional, logical, and technical viewpoints,
each of which forms an abstraction layer. Since use cases are a sub-layer of the re-
quirements abstraction layer, this option is marked accordingly in Table 2.1. On each
abstraction layer, a decomposition is possible and supported. Thus, a function may have
a sub-function, a logical component, a logical sub-component, and a technical compo-
nent, a technical sub-component. A structural decomposition, which divides a system
into subsystems, however, is in [PHAB12| intended possible for logical and physical
systems. Moreover, a system decomposition is only explicitly described for the logical
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abstraction layer and therefore marked as the intended decomposition in Table 2.1.

To further develop SPES, SPESXT extends the original methodology. For this aim,
SPESXT additionally provides tool support for the SPES methodology and an extended
evaluation of the practical applicability. The other categories from the SPES methodol-
ogy remain unchanged, apart from an additionally sketched application scenario, where a
model-driven development paradigm could be applied using the newly provided platform
and tool support.

2.6.11 Specification Method for Requirements, Design, and Test
(SMArDT)

SMArDT was initially introduced in the BMW Group and jointly developed in coop-
eration with the exida GmbH, the FEV Europe GmbH, and the Chair of Software En-
gineering at RWTH Aachen University [Mar22] as a descendant of the SPES/SPESXT
methodology.

When SMArDT was first mentioned in [KMS*17], SMArDT was a framework that
supports traceable requirements as demanded by standards such as CMMI [CKS11],
A-SPICE [SPI15], or ISO 22626 [ISO11a] for semi-automated test-case generation used
in electric engine development projects at BMW. SMArDT is based on the V-model
[VDI21] and provides processes and methods for systems engineering methods that are
usable for automated test case generation. To this aim [KMST 18], evaluates the auto-
mated test case derivation procedure based on the modeling artifacts in a survey con-
ducted at BMW. As a result, the survey shows that the participants expect to benefit
from automated test case creation independent of their backgrounds and expect the test
quality to increase [KMS'18]. Moreover, model-based test case creation is most useful
for system, subsystem, and component tests [KMST18]. Apart from the testing aspects,
[KKRvW18] extends the SMArDT process to a methodology to identifying wrong or
contradicting requirements at early development stages using component & connection
views and activity diagrams. In the next evolution step of SMArDT, [HKK™ 18] presents
a concrete application outside the electrical powertrain development domain. More-
over, [DGH"18] presents a concrete implementation of SMArDT’s automated test case
generation based on UML/P activity diagrams [Rum16] models modeled in MontiCore
[Kral0, HLMSN™15]. Therefore, Table 2.1 marks the tooling category as partly fulfilled.
Additionally, [KKRvW18] focuses again on the requirement consistency checking facet of
SMArDT. Finally, [Mar22] and [DGH"19] summarize the contents and contributions of
SMArDT and refine them with additional content. To decompose the system, SMArDT
follows a functional system decomposition. During the system development, SMArDT
creates a view for requirements, use cases, functional architectures, logical architectures,
physical architectures, and system realization. SMArDT proposes a MBE paradigm
and also sketches how the feature-driven development paradigm could be integrated into
SMArDT, which is fully refined in the derived CUBE methodology.
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2.6.12 Compositional Unified system-Based Engineering (CUBE)

Compositional Unified system-Based Engineering (CUBE) [GKS™21] is an extension
of SMArDT [KMS*17] and SPES [PHAB12]/SPES XT [PBDHI16] to introduce a
feature-driven development paradigm (FDD) into these methodologies. To remain tool-
independent CUBE only provides processes and methods for systems development. The
system views follow similar abstraction layers as SMArDT and uses CUBE decompo-
sition on all abstraction layers as suggested in SPES. Even though CUBE does not
restrict a system decomposition on logical or physical system decomposition, a logical
system decomposition is preferred. During the system development process, CUBE
suggests a combination of textual and model-based requirements specification formu-
lated in the SysML for system specification, without enforcing one or the other. Thus,
following a model-based development paradigm is possible and recommended but not
firmly anchored in the methodology.

2.6.13 Commonalities and Research Gap in SE Methodologies

Table 2.1 reveals that most of the considered methodologies investigate common under-
standings and differences, which shows potential for additional research.

While all methodologies in the table provide processes and most methodologies addi-
tional methods for systems development, tools that support processes and methods often
need to be provided as part of the methodology. The authors commonly name two rea-
sons for this. First, some authors claim that they intentionally provide no tools for their
methodology. For example, CUBE [GKS*21], the OOSEM [FMS14b], and IBM Telelogic
Harmony [IBM10] name the tool independence as goal or advantage of their methodol-
ogy, to allow better reuse in different project environments. Second, some authors name
tool development explicitly as their research goal but only refer to preliminary results
in their publications about the methodology. For example, when SPES [PHABI12| was
initially released, the tool development was only in a preliminary stage and only later
published in the context of SPESXT [PBDH16]. Moreover, tools are considered helpful
in the context of FuSE [HMSTO7], but still need to be developed for this methodology.
Consequently, systems engineering tools are still a relevant research topic in the context
of systems engineering methodologies.

There are different views concerning system decomposition in the relevant systems
engineering literature. Especially the standards, such as the V-model [VDI21] and the
ISO/IEC/IEEE 15288 [ISO15], proclaim a system decomposition based on the physical
structure of the final product. However, almost all methodologies proclaiming a physical
structure decomposition of the system also proclaim or at least sketch an orthogonal
functional decomposition. This understanding also matches the ideas from design the-
ory presented in [PBFGO07] that lead to the functional modeling paradigm section 2.3
presented in the context of this thesis. According to this understanding, the structure
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of a physical system under design follows from the functions it performs (i.e., form fol-
lows function), and thus, the functional and physical decomposition form orthogonal
decomposition dimensions of the system, where the functional decomposition influences
the physical decomposition. The only exception to this functional and physical decom-
position combination is the IBM Telelogic Harmony [IBM10], which follows a physical
structure decomposition influenced by the usage scenarios and the system’s behavior. On
the other hand, a pure functional decomposition scheme is only followed in SMArDT,
where a logical and physical system decomposition is created on the respective abstrac-
tion layer. However, only the functional system is the basis for determining the elements
of the following system decomposition layer. With physical decomposition, logical sys-
tem decomposition is one of the most mentioned forms of system decomposition. One
of the rarest system decomposition types is the usage scenario system decomposition.
Even though a scenario-based systems engineering approach is, for example, mentioned
for CUBE in [MSG™'22] and used for a physical system decomposition in [IBM10], no
systems engineering methodology investigated used this approach to determine system
elements.

Although all methodologies agree on a viewpoint for system requirements, it is not
commonly described how these requirements should be formulated, which artifacts need
to be created, and for which elements these requirements are formulated. One of the
main differences is, for example, the form of requirements formulation. Whereas SPES
[PHAB12] and SPESXT [PBDH16] suggest using SysML or other modeling languages
to model the contents of the requirement, CUBE [GKS'21] and SMArDT differentiate
between textually represented (e.g., as a free-text in a requirements diagram) and model-
based requirements. For example, in SysML models and textual requirements, which are
typically formulated in natural language. Moreover, the OOSEM according to [FMS14Db)]
introduces a combination of both views by using SysML requirement diagrams that
contain natural language requirements in the linked diagram elements. A research gap
is therefore given in the way of formulating the requirements displayed in this view.

Another general approach to requirements modeling is the use-case viewpoint, which
bridges the gap between the requirement and behavioral formulation. Following a sim-
ilar procedure approaches such as the OOSEM [FMS14b] and IBM Telelogic Harmony
[IBM10] utilize the use cases to bridge the gap between requirements and functional
specification by defining sub-views such as system scenario descriptions for each use
case. Therefore, they utilize the use case description layer to bridge the gap between the
requirements and the functional behavior and architecture definition. In comparison,
use cases and their refined use case scenarios are, for example, a means for expressing
requirements in SPES [PHAB12]. Other methodologies as CUBE [GKS™21] or SMArDT
[Mar22] utilize the use case view to identify the high-level requirements a system needs
to fulfill for a system feature identification.

This definition of functional architecture is also controversial in the investigated sys-
tems engineering literature. Whereas most of the definitions specify a detailed or
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sketched version of this view, as Table 2.1 shows, the exact definition of this view re-
veals further differences in the definition and understanding of this view in the detailed
examination. For example, some methodologies such as SPES [PHAB12|, SPESXT
[PBDH16], Vitech MBSE Methodology [LS12], and FuSE [HMSTO7] describe the func-
tional architecture view as some structural architecture in which function blocks interact
at their system boundaries each other similar to a function net [GHK™08a, MBRB10)].
In contrast, other methodologies such as CUBE [GKS*21] or the OOSEM [FMS14b]
their functional architecture views as some behavior description, in which the actual
flow within a component and not their input and output behavior are described.

Another related architecture view is logical architecture, which defines logical com-
ponents to execute system functionalities. As stated in [PBDH16], the technological
hierarchy of a system often guides the structure of the logical architecture. Thus, the
structure and decomposition of the components typically follow the different engineer-
ing and design areas, which remain unchanged even if another technical realization of a
product is under development. For example, the distribution between mechanical, elec-
trical, and software engineering is often unchanged between different systems. It could,
therefore, serve as an identification of the logical architecture as suggested in [PBDH16].
On the other hand, this strict distinction between functional and logical architecture
might be artificial since functional architecture is a particular case of logical architec-
ture, where each system function maps to a logical component. This aspect is not only
an intriguing aspect for future research but also an interesting observation in the inves-
tigated methodologies since most other methodologies apart from SPES/SPESXT only
sketch a functional architecture as a viewpoint but do not detail them in their methodol-
ogy. Therefore, the differences and commonalities between those two views are a current
research gap that can be investigated in future research.

Regarding the modeling paradigms, Table 2.1 reveals that most methodologies explic-
itly mention or sketch an application of the model-based engineering paradigm. However,
model-driven engineering and architecture are barely mentioned and rarely integrated
into the development paradigms.

2.7 Interim Conclusion and Discussion

With these foundations, this chapter contributes to answering RQ-1 (“Which established
methods software and systems engineering methods exist that are applicable to specify
automotive systems?”) and provides the foundations for the remainder of this thesis. Al-
though this chapter could not provide an exhaustive overview of all established methods
from software and systems engineering and their applicability in the automotive industry
for automotive system development, the presented overview is sufficient to address the
derived research questions from section 1.1.

Regarding RQ-1.1 (“What are the foundations of systems engineering?”), section 2.1
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summarizes the contributions of several works on systems engineering [Shel7, NPRO7,
WRF*15, FMS14b, ISO15, ISO17b, ISO11c, ISO11a, ISO21, Web09] and not only con-
denses a systems engineering understanding for this thesis in Def. 10, but also introduces
the concepts for a system definition (cf. Def. 1 in subsection 2.1.1) and a rudimentary
formalization of the primary concepts (subsection 2.1.2). Moreover, section 2.2 addresses
RQ-1.2 (“What are the characteristics of a system model in the automotive industry”)
and focuses on extending the characteristics of a model according to [Sta73] to the system
model in the automotive industry in Def. 13.

Furthermore, section 2.2 introduces the groundwork for a model-driven systems engi-
neering paradigm in Def. 15, which is the foundation for answering RQ-4 (“Is an efficient
and effective specification of automotive systems possible using model-driven systems
engineering?”). As an additional framework to answer this question in the later chapters
of this thesis, section 2.3 investigates the functional modeling paradigm from software
and systems engineering, which supports the modeler during the creation of automotive
system models. Furthermore, section 2.4 summarizes additional constraints, methods,
and challenges from the automotive industry to manage variability in automotive sys-
tems that are required to design automotive systems efficiently. Regarding RQ-3 (“Which
elements of the SysML support the creation of the elements developed under RQ-277),
section 2.5 investigates modeling languages to model automotive systems.

Finally, section 2.6 investigates system decomposition, viewpoints, and paradigms
in a selection of systems engineering methodologies (cf. Table 2.1) to answer RQ-1.3
(“Which systems engineering methodologies exists, how is the system decomposed in
this methodology, which viewpoints are created, and which paradigm is applied?”).
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Chapter 3

Model-Driven Systems Engineering using
CUBE

Concerning RQ-2 (Is there a common practice for creating, interpreting, analyzing, and
using system specifications in the considered projects in the automotive industry?), this
chapter aims to shed light on the methodological perspective on automotive system spec-
ification. Therefore, this section investigates how model-based development manifests
itself in the systems development projects in the automotive industry using CUBE as
reference methodology.

For this purpose, the model-based systems engineering methodology CUBE, which is
the current state of the methodological foundation of the systems development projects
analyzed in chapter 4, is considered in more detail to answer RQ-2.1 (“Which system
specification process is applied in these projects?”). After an introduction to this general
methodology in section 3.1, section 3.2 focuses on answering RQ-2.2 (“Which artifacts
are created during this process?”) and RQ-2.3 (“Which elements are required to specify
a system in the automotive industry?”) refining the methodology to a systematic ap-
proach with clearly defined artifacts. Moreover, section 3.2 also focuses on RQ-3 (“Which
elements of the SysML support the creation of the elements developed under RQ-27”)
by identifying SysML models that are suited to support the methodology during the
systems design to lay the foundation for further extensions in the upcoming sections.
Because neither CUBE nor the other related approaches section 2.6 analyzes, address a
model-driven system development as [DJRT19] suggest, section 3.3 extracts and identi-
fies the research gaps to lift this initial state of CUBE from a model-based methodology
to a model-driven systems development paradigm and derives methodology requirements
to apply this approach in the automotive industry in chapter 5, chapter 6, chapter 7,
and chapter 8.

3.1 The CUBE Methodology

The systems engineering methodology referred to in this thesis is the Compositional Uni-
fied system-Based Engineering (CUBE) [GKS™21], which is an extension of SMArDT
[KMS*17] and SPES [PHAB12]/SPES XT [PBDH16]. Drawing on the ideas and prin-
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ciples of those two methodologies, CUBE aims to compensate for the disadvantages of
these two methodologies and provides an optimized foundation for the specification of
automotive systems.

One of SMArDT’s drawbacks is that it predominantly focuses on test case generation
and the safety-critical aspects of systems engineering, neglecting the additional efforts in
the requirement specification of system design or requirements engineering. In contrast
to SMArDT, CUBE aims at establishing methods from systems and software engineer-
ing, such as feature-driven development [GKS*21] without requiring a specific modeling
language or the existence of textual requirements. To achieve these aims, CUBE suggests
a combination of textual and model-based requirements specification for system specifi-
cation, without being limited to one of the specification methods or a specific modeling
tool [GKS*21]. Moreover, as SPES and SPESXT by name and methodologically only
refers to the specification of embedded systems, other elements of automotive system
specifications such as a mechanical design are not in the focus of the methodology.

With the definition of a systems engineering methodology, CUBE aims at achieving
the following objectives that [GKS*21] describes as follows:

Objective | “Specification of the product or product line with focus on stakeholder needs,
respectively their expectations, as well as the system context” [GKS121]

Objective Il “Continuous extension of specification artifacts to ensure fulfillment of
stakeholder expectations by the definition of various views on system elements”
[GKST21]

Objective Il “Layered decomposition of the system, considering clear definitions of sys-
tem boundaries for all decomposition elements, to reduce the complexity of the
specification elements” [GKS™21]

Objective IV “Feature-based specification of the product to enable solution agnostic
top-down development” [GKS™21]

Objective V “Consideration of system variants of a product or a product line, includ-
ing variation points on different decomposition levels, to improve reusability of
specification artifacts” [GKS™21]

Objective VI “Procedure as a base for the definition of conventional and flexible, agile
specification processes, as well as for consideration of functional product versions”
[GKS™21]

To achieve these objectives, CUBE addresses four dimensions as Figure 3.1 displays.
The first central dimension is the system decomposition dimension which CUBE intro-
duces to address Objective II1. Since CUBE evolved from SMArDT and SPESXT, CUBE
adopts the composition of systems as a base of the development from these methodolo-
gies. As explained in subsection 2.1.1, the analysis of the system and its boundary in
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Figure 3.1: The Compositional Unified system-Based Engineering (CUBE) model based
on [GKST21] and [MSG*22].

the context of the system under development (also called System of Interest (Sol)) con-
cerning their influence and use for the related stakeholders and interacting systems is a
crucial part of the system development process. For analyzing how the system interacts
with its boundary, the first decomposition level of CUBE defines a network of interact-
ing systems, sometimes referred to as System of Systems (SoS) [FMS14b]. To specify
how a system interacts with its environment, the SoS embeds the Sol to determine the
interfaces and stakeholders of a system. The second decomposition level focuses on the
Sol, the third on its subsystems, and the following on their elements and decomposition.
As described in [WRFT15] and [SZ16], the decomposition of systems is not limited to a
fixed number of decomposition levels. Therefore, CUBE allows the decomposition to an
arbitrary number of elements [GKS™21].

The second central dimension of CUBE, called the abstraction dimension, addresses
Objective II to continuously extend the stakeholder expectations by defining various
views on system elements in an abstraction dimension. This dimension concertizes the
stakeholder expectations from a high abstraction level to a concrete realization. For
this, the abstraction dimension starts with identifying so-called customer values, which
express the high-level system requirements as use cases and requirements. Because the
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customer is only one stakeholder, but not the only one, this thesis refers to the customer
value specification from [GKS*21] as stakeholder value specification and customer values
as stakeholder values. All requirements formulated on this level are black-box require-
ments that describe the black-box view [WRFT15] of the decomposition layer instance.
The second abstraction layer describes the operating principles of the decomposition
layer instance. For this, the decomposition layer specifies a grey-box or white-box view
[WRFT15] of the decomposition layer instance to describe the functionalities the system
provides as an activity in a solution-neutral way. The third abstraction layer, the tech-
nical solution, splits into two sub-layers: The logical and technical architecture layers.
In the technical solution, the logical architecture describes a realization of the operating
principles in the form of a logical system view and architecture, whereas the product
or technical architecture describes concrete hardware and software realizations together
with the decisions leading to this architecture [JGWT21].

To this end, the logical architecture groups the activities from the operating prin-
ciples to structural elements based on their functionality. Consequentially, the logical
architecture forms functional groups to define a logical context for realizing the de-
composition layer instance without considering technical decisions. By using functional
groups instead of technical decisions, CUBE aims at enabling variant management as a
separate dimension and reuse to address Objective V and the variability concepts the
automotive industry applies (cf. section 2.4). As later discussed again in chapter 8, the
specification artifacts from the logical architecture represent reusable elements of the
product or product line without product-specific characteristics and aim to be valid for
all possible product line product variants [GKS™21]. By this, the logical architecture
aims at defining the core of a product line, i.e., a static core that remains unchanged
in all product derivatives, in the form of functional logical, multi-product architectural
elements, as well as the technical variation points of the product line [GKST21]. In con-
trast to this logical viewpoint, the technical or also called product architecture extends
the logical understanding with technical implementation decisions. Hence, the technical
architecture must document all decisions to implement the logical functionality. Based
on the reusable, logical architectural elements, the technical architecture implements
this view by adding product-specific information or determining a final product con-
figuration [GKS™21]. Finally, the fourth abstraction layer specifies the realization i.e.,
all implementation and production-specific aspects of the realized technical architecture
[GKS'21]. Based on the results gathered in this abstraction layer and all previous
abstraction layers, the specification of the considered decomposition layer instance is
completed, and the implementation of the product specification process can start in the
next phase.

The third dimension covers the implementation phases of the product specification
process to address Objective II. To achieve this aim, it addresses the aspects of re-
quirement specification and the definition of means for requirements verification and
validation. By this, CUBE aims at ensuring that already during the system design of
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the decomposition layer instance, a correct functionality of the system can be guaranteed
by suited measures for a successful implementation of the functionality.

The fourth dimension of CUBE covers the specification of functional product vari-
ants to address Objective V. In contrast to the technical variants that the abstraction
layer addresses, the functional product variants have a different implementation and
provide different functionalities. For example, different operating principles could real-
ize the same stakeholder value. The customer’s need for mobility, for example, could
be realized by a road vehicle, train, airplane, helicopter, or even spacecraft, depending
on the functional characteristic of the system. Apart from this shared customer need,
all systems provide different functionalities and use fundamentally different operating
principles to fulfill mobility needs.

In contrast to this aspect of functional variability leading to entirely different prod-
ucts, the choice of product design, such as, for example, the product color, does not
influence the functionality of the system and could, therefore, be assigned to the area
of technical variability [GKS™21]. Note that both kinds of variability may appear on
all decomposition levels and influence each other by formulating constraints on the re-
alization of the next decomposition layer, which may drastically increase the number of
product variants and make system development more complicated. One of the pitfalls
is, for example, that the technical variability on a higher decomposition level may re-
sult in constraints leading to functional variability on a lower system level. While the
choice of drive type at the vehicle level is merely a technical variability, since the type of
drive for propulsion does not influence the overall mobility requirements, it is a decisive
influence on functional variability at the propulsion system level. Therefore, the choice
of propulsion (e.g., electric or electric motor) significantly influences the drive system’s
operating principle and interfaces. However, a technical decision still needs to be made
on this decomposition layer, which is only possible if the decision was not already placed
upstream on one of the decomposition layers above.

Finally, the fifth and last dimension of CUBE aims to fulfill Objective VI: The def-
inition of specification processes and the consideration of functional product versions.
For this purpose, CUBE as presented in [GKS™21] considers two perspectives of product
versions: From the first perspective, the product may have different versions in terms
of time and function due to further development and changing customer requirements.
From the second perspective, each product specification is subject to being written and
valid for a time, so that during the specification phase, in particular up to the com-
plete conclusion of the specification, versioning of the artifacts is necessary [GKS*21].
These depend on the project context, the enterprise, and the other working processes
influencing the systems development process that require additional means for version
management of the system specification artifacts in the fifth dimension of CUBE.
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Figure 3.2: The CUBE model without variability based on [GKS*21] and [MSG*22].

3.1.1 CUBE as Product Specification Procedure

Since Figure 3.1 displays only the required dimensions for CUBE but not the order in
which these dimensions need to be traversed, Figure 3.2 presents the product specification
method [GKS™21] suggest for CUBE. One of the main challenges when formulating this
order is that systems engineering projects are subject to project-, company-, and product-
specific constraints [GKS™21]. To overcome this issue, general handbooks on systems
engineering methodologies such as [WRF115] or [Shel7] suggest the introduction of a
base process based on theoretical considerations that can be tailored to these specific
constraints that follow from the project, company, or developed project environment.
Figure 3.2 presents CUBE’s general specification process as presented in [GKS™21].
In this general process, the system development starts on the SoS level and considers
exactly one element on this level. For the system of interest, as for all other system
decomposition levels, the standard process elicits stakeholder needs as a consideration of
the stakeholder value. Based on these stakeholder needs, the systems engineers identify
system features for which they define operating principles for the operating principle
phase. Following these results, the systems engineers involved in this process derive
operating principles for the next abstraction level. For each of these operating princi-
ples, the systems engineers then specify the actions that are required to perform this
operating principle in the context of the system of system layer. Based on the specifica-
tion of the operating principle, the systems engineers then specify a logical architecture
specification for each feature. Combining all feature-specific logical architectures forms
the overall logical architecture of the system decomposition layer in which each element
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represents an element on the next decomposition layer. The only special case in this pro-
cess is the transition from the SoS to the Sol level, where the next decomposition layer
only considers the Sol in the CUBE process. From the system element layer on, each
logical component from the logical architecture describes a new decomposition layer on
which all steps, as suggested above, are repeated. To obtain the technical architecture
from the logical architecture, the systems engineers describe the mapping from logical
components and interfaces to their technical implementation to specify the technical
architecture of the respective decomposition element. Since the decomposition follows
the decomposition of the logical and not on the technical components, an additional
mapping from the technical elements in a lower level to their top level and vice versa
is required. Finally, the realization abstraction layer realizes the technical architecture.
For this, the systems engineers must allocate the technical architecture specification to
the realization specification.
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Figure 3.3: Artifacts created during the CUBE process based on [GKS*21] and
[MSG*22].

As an additional reference for the artifacts created during this process, Figure 3.3

specifies artifacts for each level. Consequently, the SV.S(S) of a system S describes
the stakeholder value specification artifact from which the systems engineers derive the
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feature list artifact written as F'L(S) of the system S. For each feature F' in this feature
list, the systems engineers then define the operating principles in the operating principle
specification of the feature written as OPS(F'). According to CUBE [Gra22, GKS™21],
each feature then has its individual logical architecture, the systems engineer specify
in the feature specific logical architecture specification artifact LAS(F'). The union
of all feature-specific artifacts of the system S then results in the logical architecture
specification of the system LAS(S) for which the systems engineers then derive the
technical architecture specification in the artifact TAS(S). The realization specification
of the system S is then in the RS(S). On the next decomposition level, the stakeholder
value specification is then the union of the stakeholder value specification of the previous
decomposition layer P written as SV S(P) and the stakeholder value specification of the
current decomposition layer S written as SV.S(S).
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Figure 3.4: Mapping CUBE abstraction layers to the most suited diagram for system
specification based on the SysML diagram overview presented in [Obj19].

Although CUBE defines these artifacts in [GKS™21], no modeling language is specified
for modeling these artifacts, to allow a model-based documentation with different mod-
eling languages and a document-based application with natural language descriptions.
As a suggestion for a model-based application, Figure 3.4 maps the SysML diagrams
to their counterparts in CUBE. Because the SysML is the de-facto standard modeling
language for systems modeling in the automotive industry, as it is predominately used
for systems modeling [MWJ*22], the SysML is used in this thesis for the following map-
ping: Since the SysML introduces a dedicated diagram type for requirements diagrams
[Obj19], SysML requirement diagrams are very suited to integrate textual requirements
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into the CUBE process into a modeling environment. As done in [JGW21] or [MSG122],
CUBE applies a combination of different diagrams. To model stakeholder requirements
and stakehoder needs, [JGW*21] and [MSG*22| apply a combination of use case and
requirement diagrams. Especially for the SOTIF-compliant variant of CUBE, sequence
diagrams also model scenario specifications on this level [MSG122]. Feature lists are
not modeled in the publications applying CUBE, whereas activity diagrams can serve
to model operating principles. The architectures are then modeled in a combination of
BDDs and IBDs, where BDDs model the structure and applicable elements as a black-
box view of the system and the BDDs a gray- or with-box view.

3.1.2 Interim Summary and Challenges

For RQ-3 (“Which elements of the SysML support the creation of the elements devel-
oped under RQ-277), the following summary is already possible. Generally, Requirement
Diagrams, Activity Diagrams, State Machine Diagrams, Use Case Diagrams, Block Def-
inition Diagrams, and Internal Block Diagrams support the basic CUBE methodology
without further extensions. Regarding RQ-3-1 (“How can requirements be expressed?”)
SysML requirement diagrams are an excellent candidate to express textual requirements
in a model-based environment. For stakeholder values, as asked in RQ-3-2 (“How can
stakeholder values be formulated?”), the UML already introduced the UCD, which the
SysML takes over from the UML without any extensions [Obj19]. For operating princi-
ples as asked in RQ-3-3 (“How to model operating principles?”) activity diagrams serve
as a means to model these elements. Since the technical solution, the structural diagrams
from the SysML are the only ones suited. Since no packages are used in the method-
ology, only the IBD and the BDD are left in the toolbox, and therefore considered as
a suitable means for architecture modeling concerning RQ-3.4 (“How to model logical
architectures?”) in the following.

Concerning RQ-2.1 (“Which system specification process is applied in these projects?”),
this thesis considers CUBE as a generalization of several processes. For RQ-2.2 (“Which
artifacts are created during this process?”), however, only the abstract specification arti-
facts SV.S, FL, OPS, LAS, TAS, and RS from Figure 3.3 are identified as specification
artifacts so far, which is not sufficient for the creation of a system specification in the
automotive domain. Therefore, as requested by RQ-2.3 (“Which elements are required
to specify a system in the automotive industry?”), a further fine specification is required.

3.2 A CUBE-Specific Architecture Framework

Because CUBE deliberately restricts its process outcome specification on the abstract
artifacts created during the systems engineering process (cf. Figure 3.5) and not on
the information they contain to have a more flexible application framework for different
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Figure 3.5: Specifications are an abstract concept consisting of a model and a set of
requirements that is implemented by the specification artifacts defined in
Figure 3.3.

system development projects at different manufacturers [GKS*21], authoring these spec-
ification artifacts might be troublesome and time-consuming. The main reason is that
an unclear artifact and content specification requires the author to decide on the con-
tents of these artifacts (if not further specified by a system development project-specific
process), which might cause inconsistent specifications if different authors make different
decisions in their specification artifacts. Moreover, as Figure 3.5 depicts, a model can
occur in combination with a set of textual requirements. Thus, several combinations
are possible. First, the textual requirements could accompany the model and contain
additional specifications that are not contained in the model. Second, the textual re-
quirements could contain exactly the same requirements than the model but in another
representation. To cover the first and the third case, chapter 5 provides a DSL to specify
textual requirements in a structured manner. Although it is generally a good engineering
practice to reduce redundancy in the specification artifacts, chapter 6, chapter 7, and
chapter 8 use transformation techniques to transform the model in a textual description
as requirements to investigate the analogy in different representations. And third, that
both of the previous cases are combined and some requirements are redundant to the
model, whereas other requirements are uniquely formulated textually. Another challenge
is that not only a model-based but also a document-based approach might be possible,
which is not considered an application area and makes the projects that apply CUBE
less comparable. Therefore, for RQ-2.1 and RQ-2.2, the more specialized question arises:
which elements are required to specify a system in the automotive industry as stated in
RQ-2.3?
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As an answer to this question, previous works already focused on developing an au-
tomotive architecture framework. Since CUBE, apart from the stakeholder value level,
mainly describes different functional, logical, and technical architecture views, these
architecture frameworks are highly related. Generally, there are standards on industry-
independent architecture frameworks such as the ISO/TEC/IEEE 42010 [ISO11b]. Ac-
cording to this standard, an architecture framework within systems engineering and soft-
ware development establishes a common practice for creating, interpreting, analyzing,
and using architecture descriptions within a particular domain of application or stake-
holder community [ISO11b]. Typical frameworks of other domains are, for example, the
Department of Defense Architecture Framework (DoDAF) [Dep07], an enterprise archi-
tecture for defense planning and change management, the 44+1 model [Kru95], which
describes the architecture of software-intensive systems, based on multiple concurrent
views [Kru95]. Because this framework only describes the viewpoints rather than for
which system or how they are created, industry-specific tailoring is required.

The automotive architecture framework [BGK™09, BGM109] is one of the first ap-
proaches towards a standardized architecture framework in the automotive industry and
is designed to describe vehicle systems across all functional and engineering domains
[BGMT109]. It consists of two sets of elements: The mandatory viewpoints and the op-
tional viewpoints. The mandatory viewpoints and their views include the functional
viewpoint, which describes the functional decomposition and functional architecture;
the logical viewpoint, which describes the logical decomposition and logical architecture;
and the technical architecture, which describes the physical decomposition and technical
architecture of the system [BGM™109]. As optional viewpoints, the automotive architec-
ture framework as [BGM™09] consists of different optional views that aim at supporting
vehicle manufacturers in achieving their priorities or quality attributes such as safety, se-
curity, reliability, availability, serviceability, energy, performance, cost, noise, vibration
and harshness, and others as stated in [Web09]. With this structure, the automotive
architecture framework aligns with CUBE, which requires a mandatory view for feature
operating principles, a logical architecture, and a technical architecture. In this context,
the view for feature operating principles can also be described as function-nets which
are analogous to the functional architecture presented in [BGM*09]. Moreover, since
the framework defines the required views and viewpoints, the framework conforms to
the ISO/IEC/IEEE 42010 standard [ISO11b].

The architecture design framework [GGTP13] describes a related framework devel-
oped by Renault. It solely supports and focuses on the system design process defined
in the ISO/IEC 15288 standard [ISO15] and is a derivation of the SAGACE method
[Pen97, GGTP13]. It describes four architecture viewpoints based on artifacts created in
a model-based systems engineering process and modeled in the SysML [Pen97, GGTP13].
The framework consists of an operational viewpoint, which describes the system and its
behavior observed from a black box and user perspective. A functional viewpoint groups
the performed activities (actions) from the operational viewpoint to system functions, a
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constructional viewpoint, which describes the physical components of the organic archi-
tecture [GGTP13] to execute these functions, and the requirements viewpoint, which is
orthogonal to the other viewpoints and describes requirements to the elements defined
in the other views.

The architecture framework for automotive systems [DGS*14] describes another re-
lated architecture framework that bases on the previously described automotive archi-
tecture framework, architecture design framework, and additional concepts taken from
architecture description languages [MT00, MLM™'12] tailored to automotive domain,
such as EAST-ADL [BLH*13], AADL [FGHO06], and AML [BRO1]. It consists of unify-
ing the viewpoints presented in the other two frameworks. It adds specific viewpoints,
such as the feature viewpoint for product line engineering, and an additional timing view
that should specify the timing behavior of the components to enable timing analyses,
such as bus schedulability analysis and CPU response time analysis views for the system
[DGST14].

Apart from these approaches, some other recent works describe an automotive ar-
chitecture framework developed at Volvo and the experience with the application at
Volvo [PKH*16, PKH"17]. To this aim, [PKH"16] presents an architecture framework
based on the lessons learned at Volvo cars [EHPL15], which serves as a starting point
for a framework proposal presented in [PKH"16]. It suggests seven viewpoints. (1)
The continuous integration and deployment view aims to reduce the development time
by enabling developers to add new functionalities incrementally, even after production.
(2) The connected cars and safety view, which addresses future scenarios for connected
vehicles. (3) The required safety measures in the vehicle architecture to ensure a safe
operation. (4) The security and privacy of connected cars view, which displays the se-
curity and privacy aspects. (5) The ecosystem and transparency network equivalent to
the value net viewpoint in [BGKT09, BGM*09]. (6) The autonomous cars view that
addresses special architecture solutions for autonomous cars and self-adaptive systems
[ST09]. (7) The modes management view, which describes the modes of operations of the
vehicle and their transitions, and finally special viewpoints, which might be conceived
to enable dissemination and communication of the architecture to developers and other
stakeholders [PKH'16].

Unfortunately, none of these works led to the definition of a standard applied to the
automotive industry. Since the approach presented in [BGK109] and [BGM™09] does
not focus its view on a single OEM, rely on a compatible understanding of optional
and mandatory viewpoints as CUBE and also leave space for domain-specific additions
[BGK™09], the following sections focus on this work as a reference and add additional
aspects on the elements that the framework does not address.

Because the CUBE process as presented in [GKST21] does not formulate any further
requirements on when to use which textual or model-based specification, the following
sections deal with this question in the context of RQ-2.2. Starting from textual require-
ments as a means of specification subsection 3.2.2 presents additional constraints and
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artifacts to model the textual requirements as a cross-cutting concept in the context of
CUBE. Then, subsection 3.2.3 discusses how use-case diagrams support the modeling of
stakeholders, their needs and stakeholder values in the considered system development
methodology. subsection 3.2.4 presents how operating principles manifest in the CUBE
methodology and how a functional model aids in the development of system functionali-
ties. Finally, subsection 3.2.5 presents the architecture modeling efforts and the required
artifacts in the context of a logical and technical architecture specification based on
[GKMT25].

3.2.1 System Specifications in the Automotive Industry

As a basis for the artifact model, this thesis draws on the automotive architecture frame-
work in [BGKT09]. The framework relates to a meta-architecture framework that struc-
tures the system in views from different viewpoints [BGK*09] as Figure 3.6 presents. As
basic concepts, the architecture framework presented in [BGK*09] draws on architecture
views, viewpoints, and concerns, forming the overall architecture framework.

An architecture view in the meta-architecture framework (in Figure 3.6 denoted as
“View”) consists of one or more descriptions that are either formal, which means that
the content of the view is described utilizing logical and mathematical ways of expression
based on a precise and unambiguously defined syntax and semantics [HR04], or informal,
which means that the contents of the view are not expressed based on a formally de-
fined syntax and semantics e.g., employing natural language in plain English. Note that
both visual as well as textual representations might be formal or informal, as the defi-
nition in this context only refers to a defined semantics. Orthogonal to this dimension,
the representation describes the notation of the description, which can be visual i.e.,
represented in a textual tabular, graphical, or another related form of representation,
or, opposed to that, non-visual i.e., represented in a non-visual format like sound or
electronically encoded data [BGK'09]. Because the automotive architecture framework
only considers visual representations, Figure 3.6 only allows visual representations of a
description in the framework. A view may also decompose into subviews. When exam-
ining a particular interest area, the meta-architecture framework introduces viewpoints
that precisely one architecture view satisfies. It enables a user to examine a portion
of a particular interest area [BGKT09]. In this model, viewpoint groups consider the
concerns of involved stakeholders. As a result, at least one stakeholder and concern must
be considered to form a valid architectural view. Finally, the stakeholder concerns the
meta-architecture framework from [BGK™09] draws on, are a way of expressing crucial
system requirements i.e., requirements that address the system as a whole rather than
a specific sub-set of its service or functionality [BGK™09, SSV98]. As a result, concerns
are high-level requirements that reflect vague objectives or risks and usually refer to
specific quality attributes like safety, maintainability, reliability, or cost [BGK™09].

In the meta-architecture framework, the relevant views are further defined by the scope
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Figure 3.6: The meta-architecture framework as presented in [BGK109].

of a system, which the boundary as a special form of view defines. The (system) boundary
precisely distinguishes between the object of analysis and its context [BGK'09]. The
meta-architecture framework refers to a conceptual or technical boundary of a system.
It analyzes a set of related (architecture) elements i.e., the inside view of the system,
or the adjacent elements i.e., the context or environment to this boundary [BGK™09].
Based on these concepts, [BGKT09] introduces the common architecture framework to
which Figure 3.7 applies changes in the following areas: User functions are considered as
features in this thesis, hardware typologies consist of general physical units, which might
not only be electrical, but also mechanical or any other physical part, and finally, only
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Figure 3.7: An adaption of the common architecture framework based on [BGK™*09].

the system is considered as a scope, since the term total system contradicts the idea of
a system as defined in Def. 1 as the central concept of this thesis.

To further describe and define these general frameworks in the context of CUBE
concerning RQ-2.2 and RQ-2.3, this section is structured as follows: first it discusses
textual requirements as a cross-cutting issue of CUBE in subsection 3.2.2 and then follows
the abstraction levels from CUBE to achieve an overall image from subsection 3.2.3 to
subsection 3.2.6.
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3.2.2 Cross-Cutting Issue: Specifying Textual Requirements

Since CUBE as presented in [GKS™21] does not restrict the use of textual requirements
or models for system specification, the specification artifacts as presented in Figure 3.3
can either be models, textual requirements, or both. Because models are not necessar-
ily diagrams in a graphical syntax but can also be textual representations, this thesis
considers natural language requirements in the following as textual requirements. The
specifications, as considered in this thesis, are an abstract concept that must address
a concrete specification domain given by the specification process (in this context, the
CUBE specification process as Figure 3.3 depicts). Thus, Figure 3.5 introduces the spec-
ification as an abstract class consisting of a model and an arbitrary number of textual
requirements optionally. Because this thesis investigates system models for the develop-
ment of automotive systems, the model as a means of specification is no longer optional,
as presented in [GKS'21], but required as the cardinality in Figure 3.3 indicates.

As a way to combine the best of SysML models and natural language requirements,
some approaches aim at introducing annotations [EDGT06], free-text attributes in the
model elements such as in the SysML requirements [Obj19], or use different languages
in the same context. By all of these methods, the knowledge of the system shall become
explicit and unite stakeholders, architects, and stakeholders in a common language. De-
spite the advantages and disadvantages, different types of natural language requirements
as a means of textual specification are known in the literature, and they are classified to
give the reader the requirement. Typical requirement types are, for example, presented
in [IEE94, KS98, vLO1]. A typical classification is the differentiation between functional
and non-functional requirements. Although differentiation between functional and non-
functional requirements is typical in the automotive industry [GHZM17], it is a contro-
versial topic [Gli07, LHM*14, EVF16]. While some authors regard the differentiation
between functional and non-functional requirements as artificial because calling every re-
quirement that does not specify a functionality as a non-functional requirement is overly
simplistic, somewhat misleading, and therefore unhelpful [Brol5], others criticize many
non-functional requirements also contain functional aspects [EVF16].

To overcome these problems, the approach presented in [Gli07] does not simply clas-
sify requirements as functional or non-functional but introduces a more sophisticated
differentiation and classification scheme to classify textual requirements. As Figure 3.8
shows, the taxonomy proposed in [Gli07] distinguishes between system requirements,
which set requirements for the system or product to be developed, project requirements,
which a system development project must meet for successful project execution, and
process requirements, which formulate requirements that the organization must follow
for successful development. Because project and process requirements are not related to
the system but lay an organizational context for the system development, these require-
ments are usually not further considered in the system development [Gli07]. According
to [Gli07], the system requirements subdivide into four sub-types of requirements: The
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Figure 3.8: Different requirement types based on a taxonomy for concern-based require-
ments according to [Gli07].

functional requirements that describe functional concerns, the performance requirements
that specify performance concerns, the specific quality requirements that formulate qual-
ity requirements not covered by meeting the providing the expected functionality, and
constraints to the solution space. The specific quality requirements serve the quality
concerns apart from meeting the functional requirements. Finally, some constraints
constrain the solution space beyond the necessity to meet the requirements mentioned
earlier.

Because the requirements may address multiple topics identified, for example, in
[EVF16], classification rules weight the concerns within the taxonomy presented in
[G1i07]. According to these rules, functional requirements weigh higher than performance
requirements, which are higher weighted than specific quality requirements. Finally, all
other constraints on the system are classified as constraints.

Based on these observations in the literature, the methods presented in this thesis fo-
cus on modeling system requirements categorized according to the taxonomy presented
in [Gli07]. Moreover, as presented in [Nus01], the approach this thesis presents requires
that requirements are given on all levels. Because of the controversy on functional vs.
non-functional requirements as presented in [IEE94, KS98, vL01, Brol5], requirements
formulated in this thesis are not distinguished based on their description of functional
or non-functional behavior, but on their relevance for the system development process
and reusability for other system development projects. Consequently, functional require-
ments form a reusable subset of functionalities that a system must provide regardless
of how it realizes these functionalities and their performance. Attributes describe the
system’s quality by constraining the system functionalities or other qualities to achieve a
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specified performance or special quality to address the latter topic. Finally, constraints
constrain how the system shall realize these functionalities and attributes.

This clear distinction between the functionalities, attributes, and constraints aims to
support the typical structure of the automotive domain and the automotive industry
in general. Because automotive manufacturers aim to reuse their vehicle or part speci-
fications between different vehicle development projects, separating functionalities aids
in adopting the abstract characteristics that the automotive system under development
shall have a specific functionality. Following the strict separation between functionality,
performance and specific quality, it is possible to change these requirements depending
on the system development project. Finally, the constraints enable the manufacturers
to constrain the solution space during the development to meet the strict cost and time
constraints typical for the automotive industry.

For a vehicle manufacturer, this implies that the expected base functionalities within
its product are to be specified to maximize its reusability. Because almost all vehicles
primarily serve to transport people and goods, it would be possible to specify a require-
ment that a manufactured vehicle provide the owner with the ability to transport people
and goods. Because of its high level of abstraction, this requirement is reusable in most
concurrent vehicle development projects. Because this requirement is not specific enough
to define the vehicle type or its design, performance and specific quality requirements
serve to restrict the solution space in the respective development process, e.g., by defin-
ing the number of people to be transported at the same time or the weight of the goods
to be transported. Finally, because most automotive manufacturers already know spe-
cific constraints to the development or solution, additional constraints could be used to
exclude specific solutions e.g., by specifying that a road vehicle with a specific number
of tires or a specific propulsion solution shall be developed based on strategic decisions.

3.2.3 Specifying Customer Requirements as Stakeholder Needs

According to [GKS™21], customer values, or stakeholder values in this thesis, describe
the stakeholder needs and expectations of other involved systems or actors. Because
multiple stakeholders are typically affected by an automotive system, the systems engi-
neers must prioritize and identify stakeholder values during the most abstract step of
the CUBE specification procedure (cf. Figure 3.14). As vehicles are used in different
contexts by different people, their values as vehicle users are as diverse as the users
themselves. Therefore, people who own or use a vehicle become essential stakeholders in
vehicle development, which diverse interests and values. A sports car owner, for exam-
ple, would rate the fun and the race-track capabilities higher than the economic and fuel
efficiency operation of the vehicle compared to a commuter who wants to use a vehicle as
a comfortable and economic means of transportation to get to his workplace and back.
Because road vehicles are omnipresent in many countries, the people affected by the
usage of the vehicle are also crucial for the acceptance of the individual transportation.
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Because noise, toxic emissions, and traffic accidents caused by many vehicle types or
drivers are significant health issues [KWV™16], vehicle manufacturers must regard the
stakeholder needs of the people affected by the vehicle and the customers. To protect
people and the environment from these effects of mobility and their political interests,
many countries have legal requirements that newly sold series vehicles must meet to
be sold and used in that country. Other standardization organizations also set vehicle
development standards besides the national influences. Prominent examples of these
legal requirements or national and international standards are, for example, the UNECE
vehicle regulations for Europe and the United Nations, the US FMVSS regulations, or
the Chinese GB standards.
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Stakeholder Value External
— o F List (FL
Specification (SVS) Document eature List (FL)
[ |
Stakeholder Need Legislation Standard
* * *
references references references
1 1.*
satisfies
Stakeholder Use Case Feature
* Value 1%
limits L "
satisfies
Constraint Attribute
* *

Scope

System

Figure 3.9: The stakeholder values denote the stakeholder value specification by referring
to stakeholder needs or external documents as specified in the specification
artifacts from Figure 3.3.

Based on these observations, a stakeholder value specification of a system S that
Figure 3.3 presents as SV .S(S) consists of stakeholder values. These stakeholder values
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then refer to a stakeholder need, legislation, standard, or any non-empty combination of
them. According to the feature-driven interpretation of CUBE as presented in [GKS™121]
and [Gra22], a system has to fulfill a use case to satisfy these needs. For example, a
vehicle may provide a transport goods use case that satisfies the vehicle users need to
transport goods to another location. Because many of these use cases might be related,
for example, the transportation of people and goods after loading the vehicle the same,
CUBE introduces a feature that addresses one or more use cases. As a way to give a
better overview of the capabilities of a system, a feature list summarizes all features of a
system. To derive a joint artifact structure for model-based system development projects
as investigated under RQ-2.3, Figure 3.9 summarizes the artifacts and their relationships
as presented before.

As stakeholder values primarily formulate system requirements, this thesis categorizes
them as attribute, constraint, or functionality, as discussed in subsection 3.2.2. There-
fore, a stakeholder value is either an attribute, if it classifies as performance or specific
quality requirement according to the classification scheme from [Gli07]. Because features
describe the functional characteristic of the system, all system features are consequently
a functional requirement of the system and present a functionality or feature of the
system. Since the performance and specific quality requirements can be understood as
features, these are the system’s attributes. Finally, the constraints that follow from the
stakeholder value requirements can be formulated and understood as constraints in the
System context.

As shown in Figure 3.5, the stakeholder value specification differs on SoS on Sol and SE
levels, which is caused by the special nature of Sol and SE levels, where the requirements
from the logical architecture of the previous levels must be considered. Therefore, the
stakeholder value specification gets an additional part specifying these parts. While this
will become important in the context of the specification methods described in chapter 6
and chapter 8, they, by design, must not affect the artifact structure to make a union
possible as Figure 3.5 depicts.

3.2.4 Specifying Functionalities as Operating Principles

To define the implementation of a feature in a solution-neutral way, CUBE introduces
the operating principle for each feature as a solution-neutral description of the system
behavior when realizing this feature. An operating principle consists of actions that are
required to implement the feature. For example, a high-level operating principle for a
vehicle feature ’transport people’ could consist of the following steps:

1. Load people,
2. Drive to destination,

3. Unload people.
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Although, at first glance, this example seems sufficient for the specification of most
trips, the benefit for system specification and trip execution is only sufficient with further
refinements of what happens in each step in more detail and required inputs and outputs
to other systems. As a solution to the refinement problem, it is helpful to decompose
this level’s abstract steps to decompose features further. These so-called sub-features
further decompose the features of the higher level. By this, for example, the load vehicle
step could be refined to the following steps:

1. Open door,

2. Load passenger,
3. Secure passenger,
4. Close door.

When looking at this refinement, another problem becomes evident: The execution order
is not solely specified of the actions, and an altering is possible. For example, securing
passengers e.g., with a safety belt, is usually possible before and after closing the vehicle
door. Moreover, the door’s existence as a means to enter and exit the vehicle must
be known at the feature decomposition level from the vehicle decomposition, and the
term doors itself restricts the vehicle developers to the development of vehicles with doors
which might seem not solution neutral. Therefore, the feature and system decomposition
must align for the correct specification. It is also helpful to define these elements as an
interface to solve the second problem of the required in- and outputs. For example,
we could specify that the feature transport people takes humans as an input, drive to
the destination requires energy, and unloading people transfers humans to the system
environment. In a good specification, only the immediately required elements should
be specified to allow high reuse and prevent potential conflicts with other interfaces in
another decomposition. Combining all interfaces provided or required by the action leads
to the feature’s signature, which describes the inputs and outputs (e.g., signals, events,
or messages) [BGK™09].

To reflect these observations in an artifact model, Figure 3.10 presents the elements
contained or used in the operating principle specification. The central element of an
operating principle specification is the feature, which consists of one or more actions
that must be executed to perform this feature. This way, the feature addresses one
or more stakeholder value specification use cases. As a viewpoint, a feature list, as
suggested in Figure 3.3, is introduced, containing all the system decomposition-level
features. Because features may decompose into sub-features, a feature might have one
or more sub-features, which have one or more actions and address one or more use cases.
Consequently, the action might require or produce elements required by other actions.
These actions have interfaces, which form the signature of the feature.

73



CHAPTER 3 MODEL-DRIVEN SYSTEMS ENGINEERING USING CUBE

Conceptmodel j

Specification Boundary
Operating Principle Signature
Specification (OPS)

1
Feature List (FL)
1.%
Interface
*
1 *
Use Case Feature ’— Action
1.* 1.*
2.
subFeature

decomposition

0..1
Formal Description

Functional
Decomposition

Figure 3.10: The features denote the operating principle specification by relating the
addressed use cases with the action sequence and their interfaces that define
the signature of the feature to implement the specification artifacts from
Figure 3.3.

The actions serve as the functional requirements of the operating principle, and the
signature and interfaces define the interface requirements. For example, to transport
persons and goods with a vehicle, a driver needs to enter the vehicle (optionally with
goods), drive the vehicle to the destination, and exit the vehicle (optionally with goods)
after reaching the destination. Because the actions do not allow for an execution order of
the actions within an operating principle, an additional functional execution requirement
set is required, e.g., in the form of an activity diagram.

3.2.5 Specifying Technical Solutions in System Architectures

Technical solutions in CUBE address two different architectural views—first, the logi-
cal architecture, which defines the realization of an operating principle from a logical
perspective. Second, the technical architecture that implements the logical architecture
using the concrete technical realization of this logical principle.
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Specifying Technical Solutions as Logical Architectures

A logical architecture consists of (sub-)components executing the actions defined in a
feature. For this purpose, the logical elements need to process the inputs of the actions
they execute to produce the outputs of the actions. As a result, the logical component
must have a signature that consists of the inputs and outputs of all actions they execute.
The logical components of the logical architecture are connected to provide the outputs
of an executed action as input for a logical component that executes an action that
requires this output as input.

Since this principle also applies to the technical architecture [GKS*21], it is vital to
note that the logical components that form the logical architecture reflect an abstract
component capable of performing the functionalities of the actions it executes, indepen-
dent of its later physical realization. Consequently, the logical architecture is based on
the functional specifications of the operating principle and independent of the technical
realization [JGST20, JGW™21]. In addition to the logical components, the connectors
within the logical architecture are independent of the actual communication form i.e.,
they do not address aspects regarding the communication medium, encoding, or secu-
rity. Consequently, the data, energy, or matter [Wei84] exchanged between the logical
components solely depends on the inputs and outputs of the actions it executes, which
are defined in the operating principles of the features the system shall realize. As fea-
tures, logical components may be decomposed into sub-components. Therefore, logical
components are similarly decomposable to a logical decomposition consisting of logical
components.

Since logical architectures perform actions, they also share a signature defined by
the interfaces (i.e., the inputs and outputs) of all actions they execute. Apart from
this manly static structure definition, the logical components have a (mainly formal)
behavior description. In this context, this thesis follows a logical behavior definition as
presented in [BGK™09]. Thus, the behavior description follows a state chart defined
in the UML/P [RumO06], consisting of states and transitions. Transitions are triggered
by triggers coming from an actor and are only used to change a state if the trigger is
triggered and a guard condition is fulfilled. As an effect, a feature may be executed when
a transition is taken or while a state is executed. To get a well-formed specification of
a logical component, all actions it executes must be executed in at least one state or as
an effect of a transition.

Since a logical architecture abstracts from the technical realization, abstract domains
or patterns may serve as logical executing elements. A fictive vehicle could, for example,
logically decompose to a propulsion system that uses the energy provided by an energy
system to generate the motion and power or torque to propel the vehicle. The chassis
then uses this force to transmit it to the environment to accelerate the vehicle.

Figure 3.11 specifies the artifact model of the elements specified in the logical archi-
tecture described in Figure 3.3. In contrast to the previously presented artifact models,
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Figure 3.11: The logical components execute the the actions the operating principle spec-
ifies to implement the specification artifacts from Figure 3.3.

this view on the logical architecture specification considers two logical architecture spec-
ifications as described in Figure 3.3: The logical architecture specification of a feature
(LAS(F)) and the logical architecture specification of a system LAS(S). The logical
architecture specification of a feature F' denoted as LAS(F') consists of all logical com-
ponents that execute actions defined by the feature and the states and transitions using
these actions. In contrast, the logical architecture of a system S denoted as LAS(S)
consists of all logical components a system consists of, their behavior description, and
the actions they execute. As a result, the logical architecture specification of a feature
(LAS(F)) describes a view of the logical architecture that only consists of the logical
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components that execute actions of the feature F', which leads to the challenge that
the corresponding behavior description might need to be completed. Consequently, two
views on the behavior of the logical architecture are possible. First, a view containing all
states and transitions as described in the behavior of the logical components contained
in the considered logical architecture, without the actions that the other features than
the current feature consists of. Second, a logical architecture view only consists of the
states and transitions connected with actions that the considered feature consists of.

Specifying Technical Solutions as Technical Architectures

In contrast to the logical architecture, the technical architecture describes the technical
implementation and the actual connection, not a logical principle for the implementation
[GKS™21]. Therefore, a technical architecture must specify the physical realization of
the technical components, considering the aspects related to their technical implemen-
tation, such as the communication medium, encryption, or security. For this reason,
the technical architecture of a system must not only address the system’s runtime be-
havior but also take the hardware implementation of the system into account. Since
hardware works together to accomplish a specific purpose, hardware topology is an es-
sential concept for describing the various parts (which can be mechanical, electrical, or
electronic) since it describes the structure of the interconnected parts to achieve that
purpose. To achieve this aim, the hardware topology, according to [BGK™09], consists of
physical units and their connections. A physical unit further decomposes into a geome-
try, which describes the geometrical characteristics of the system [BGK'09]. According
to [BGK™09], the physical unit represents all physical components that either interact
with their environment, such as sensors, actuators, or mechanical devices, process soft-
ware such as microcontrollers or provide other functionalities to the systems, such as
hardwired controllers or mechanical components.

Whereas it is sufficient and desirable for the logical architecture to restrict itself to
components on a high abstraction level, which subsumes several technical solutions, the
technical architecture must consider these in detail. Therefore, a logical component for a
propulsion system deliberately combines several energy converters that convert different
forms of energy, such as thermal, chemical, hydraulic, pneumatic, or electrical energy
into kinetic energy, whereas it is the task of the technical architecture to close this gap
and to specify the technical realization of the underspecified solution given in the logical
architecture.

Therefore, the technical architecture of a propulsion system must describe the technical
realization of an energy conversion and thus specify, for example, an electric motor that
converts electrical energy into kinetic energy. This internal combustion engine converts
chemical energy into thermal energy or similar solutions. In addition, logical signals from
the signature of the logical architectures must be refined to achieve an implementation-
specific interface specification that also considers technical realization. Thus, the energy
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input for an internal combustion engine must refine the energy input of the logical
propulsion system to the specific fuel that the engine burns, and the control signals and
communication paths must be not only mapped to the technical communication paths
but also their content adapted to the combustion process.

As this example shows, at the level of the technical architecture, particular attention
must be paid to the compatibility of the various systems and the system’s alternative
solutions and configuration variants. For example, an internal combustion engine cannot
be operated with electric power, and an electric motor cannot be operated with fuel,
which must also be considered at this level e.g., in the technical architecture of the
energy system.
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Figure 3.12: The technical architecture denotes the technical architecture specification
by allocating the runtime model to the hardware topology implementing
the specification artifacts defined in Figure 3.3 based on the automotive
architecture framework described in [BGK109).

Figure 3.12 depicts the technical architecture specification based on the [BGKT09].
According to the class diagram described in Figure 3.12, the technical architecture spec-
ification of a system describes a system from a technical viewpoint. This view consists of
three subviews: the runtime model, the allocation, and the hardware topology [BGK™*09].
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The runtime model describes the system’s behavior at the technical abstraction level. It
consists of one or more clusters aggregating at least one part of the logical architecture
[BGK™09], which describes the functionalities a physical unit or part of it has to imple-
ment. As a result, scheduled and deployable software and mechanical parts are required
for the technical architecture to implement or execute this functionality. On the other
hand, the hardware topology describes a view of the physical units and their connec-
tions to the element. In contrast to the original diagram from [BGK™09], the hardware
topology does not only consist of electronic components but also other physical compo-
nents such as electrical or mechanical components. Finally, the allocation connects the
runtime models to their executing hardware topologies.

3.2.6 Specifying the Realization

Finally, the realization describes and specifies the components’ realization in accordance
with their specification in the technical architecture. Therefore, this view must not add
any components or connections to the technical architecture but only specify the atomic
components in detail to achieve the fine specification for realizing the system, which is the
only step added here because the automotive architecture framework [BGK*09] does not
differ between software and hardware. Moreover, since physical components are typically
subdivided into (atomic parts) and assemblies, primarily for [BG21], this additional layer
of abstraction is also added to the architecture framework from [BGK'09].

Figure 3.13 describes the realization specification. In this view, the specifications
contain the requirements for realizing the components specified in the technical architec-
ture as presented in Figure 3.13. It consists of a hardware specification and a software
specification. The hardware specification specifies the physical unit for realization. The
software specification specifies the software unit executed on a physical unit. Because
not all physical units can execute software e.g., a spring has no control unit and cannot
execute any software, software units may only be specified for physical units with this
capability.
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Figure 3.13: Realization to implement the specification artifacts defined in Figure 3.3
extending the automotive architecture framework described in [BGK109].

3.3 A Critical View on CUBE and its Research Gaps

As the previous findings from section 2.6 show, the literature provides various systems
engineering methodologies with a different focus on system development and its process.
The CUBE methodology creates several views of the system, represented in the variant
of the automotive architecture framework [BGM109, BGK*09] developed in section 3.2
and its process in Figure 3.2 the mutual basis for all projects chapter 4 considers. Con-
sequently, Figure 3.2 answers RQ-2.1 (“Which system specification process is applied in
these projects?”).

Knowing this process, Figure 3.3 highlights the artifacts the systems engineers create
using CUBE and therefore answers RQ-2.2 (“Which artifacts are created during this
process?”). As this overview describes the views required for system specification, the
challenge no longer lies in identifying the artifacts to be created as part of system spec-
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ification, which is particularly challenging in systems engineering projects according to
[BGRW18] and [HJK21], but in detailing the content of the artifacts in a way that they
support system development according to the CUBE specification process. Since the ar-
tifacts from section 3.2 create multiple interrelated views of the system, managing these
views to achieve a consistent system specification becomes a new challenge. Therefore,
section 3.2 focuses on the derivation of the required system elements for a system archi-
tecture specification based on [BGK™09] and [BGM109], leading over several individual
views to the combined overview in Figure 3.14 as an answer to RQ-2.3 (“Which elements
are required to specify a system in the automotive industry?”).

With these outcomes, the next challenge lies in creating these elements. For exam-
ple, the stakeholder requirements in a stakeholder value view significantly influence the
realization and its elements described in the technical architecture, although these two
views are not directly linked. Stakeholder requirements from environmental protection,
for example, which are raised in the context of automotive development, have had a
significant influence on powertrain development for years and lead not only to changes
in conventional powertrains but also to utterly new powertrain concepts such as electric
powertrains or hydrogen powertrains. The problem, however, is that these interrela-
tionships are often only known to the developers and technical experts of the individual
systems and need to be made explicit to other system developers or viewers of different
abstraction levels. This problem is also exacerbated by the fact that the creators of
the individual views are often different people and must coordinate their specifications
with each other in order to create a self-contained and consistent system specification.
In order to make these dependencies, which are initially only implicitly known to the
respective developers, evident in the development project, the relationships between the
views must be made explicit and integrated into the system model. For example, the
creators of the stakeholder value view and all creators of other views must link their work
and keep it consistent so that if a change in one view is required, the resulting change in
another view also remains intelligible. The systems engineering methodologies presented
in section 2.6 and CUBE as presented in [GKS™21] either do not further address these
challenges or presuppose a correction of the individual views by the creator. However,
this neglects the fact that, on the one hand, individual aspects are easy to overlook
due to a lack of understanding of the relationship between the views, and, on the other
hand, the creators of the individual views must spend a considerable amount of effort
to keep the views consistent. As a result, the creators of these views might consider the
maintenance of their system view as frustrating and their creation as time-consuming,
which might not only negatively influence the introduction of MBSE in the company but
also affect the acceptance of MBSE in projects where MBSE is already an established
methodology, since these two aspects are mentioned as top three drawbacks of MBSE
in [CTE'22]. Therefore, in the following chapters this thesis deals with the question of
how model-driven system development is applicable in the automotive industry (RQ-4).
Since in model-driven development, the models created in the development process are
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not only created but also taken as the central drivers of the process [Sch12], the purpose
of utilizing MDD is that the views or needed parts can also be the views or needed parts
by utilizing model refinement or model transformation as defined in Def. 15.

As a way to develop the required transformations in an MDSE approach, the following
chapters identify for each view a subset of the SysML as described in RQ-3 that enables
such a view and then elaborate a transformation into other related views. The work
focuses on the following aspects and their application in the context of a selection of
automotive system development projects at FEV GmbH in cooperation with the acronio
GmbH. chapter 4 first describes the framework considered for the evaluation. Then, in
the following chapters, the individual CUBE views’ are explained in more detail. Since
textual requirements are a cross-cutting issue on all levels of CUBE, chapter 5 first deals
with how requirements are expressible as models in a model-driven systems engineering
process. Both the possibility is considered whether and how textual requirements are
usable for model generation, and the possibility to generate textual requirements from
the system models as an additional view concerning RQ-4.4 (“Are the models that re-
sult from a model-driven specification comparable to document-based specifications?”).
Subsequently, chapter 6 deals with how stakeholder values can be a starting point for
system development in a stakeholder-based view. For this purpose, chapter 6 elabo-
rates a syntactic and semantic framework for this description, and presents an approach
for the automatic derivation of operating principles on the next abstraction level (RQ-
4.1). Based on these findings, chapter 7 deals with operating principles and the possible
automated derivation of logical architectures. For this purpose, the models of the ar-
chitecture and partial models of a logical reference architecture are linked and treated
(RQ-4.2). chapter 8 then describes the collaborative creation of the architecture. Since
technical architectures are either described top-down using a similar approach but in
practice are more likely to be created bottom-up, this aspect is not considered further in
this work in the context of creating transformation rules. Therefore, subsubsection 3.2.5
only presents a brief discussion of the findings as a starting point for future work.

To make the approach applicable in the industry, balancing the necessary efforts for the
application of the method with the benefits for the applying systems engineers is required
[GKM™25]. Moreover, fulfilling several process requirements as, for example, specified
in [SPI15] becomes obligatory during an industrial application. Based on these require-
ments, this thesis sticks to the following methodical requirements that the methodology
and the transformations must fulfill based on [GKM™25]:

MRQ Which requirements must be fulfilled to make a systems engineering methodology
applicable in the automotive industry?

MR-1 Specification models created using the method must be reusable to realize
reduced time-to-market constraints.

MR-2 Specifications must be adaptable to specific markets or vehicle projects.
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MR-3 Specification models must be consistent.

MR-4 Specification models must be bidirectionally traceable (e.g., from a require-
ment to a component and vice versa,).

MR-5 Creating specification models must be possible without redundant manual
modeling tasks.

The following chapters refer to these qualities to discuss and evaluate their fulfillment in
the context of the developed transformations and the model-driven systems engineering
methodology based on CUBE, discussing the quality and applicability of the developed
methodology.
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Chapter 4
System Models in Industry Projects

Since the focus of this thesis is on methods for the definition and application of system
models in the automotive industry, this chapter answers the application perspective of
how model-based systems engineering is utilized in system development projects in the
automotive industry using the example of FEV Group. The offered services include en-
gineering consulting, development and testing of powertrain and vehicle systems, design
and prototyping, calibration and optimization, and simulation and analysis. It is a glob-
ally renowned engineering company specializing in the development and testing of pow-
ertrain and vehicle systems, which during the execution times of the considered projects
ranked in the top ten engineering service providers in the automotive industry according
to the annual sales worldwide measured in million euros [ATZ19, Imh20, Imh21, BW22].

Because FEV focuses on conducting projects in powertrain development, vehicle in-
tegration, calibration, controls, and overall vehicle development and cooperates with
various international automotive OEMs and suppliers, it offers a broad insight into the
working world of the automotive industry, even though a single company cannot provide
a complete cross-section of the entire industry. Because of this wide range of services, it
is a good starting point for research in this area. As the contents of almost all projects
are confidential, this thesis only refers to anonymized results. Nevertheless, to estab-
lish examples to explain the methods developed in this thesis, a separate example is
introduced in section 4.2 in the context of the domains relevant to the projects, which
will serve as a reference in the following chapters. Moreover, chapter 6, chapter 7, and
chapter 8 refer to the publicly available system model of a VTOL system from [JGS™20]
and [JGW™T21] that is not explicitly summarized in this chapter.

4.1 Selected System Development Projects in the Automotive
Industry

Based on the overall evaluation of systems engineering methodologies in Table 2.1, this
section introduces six reference system development projects FEV carried out or was
significantly involved in the execution to evaluate the application and applicability of
the methods for application and definition of system models in the automotive indus-
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try. All six projects applied the CUBE product specification as presented in Figure 3.2
but performed different variations concerning system decomposition, created views, and
modeling paradigm. Therefore, this section analyzes the projects concerning the fol-
lowing three general methodological questions to answer RQ-2.4 (“How is the system
decomposed in the project, which viewpoints are created, and which paradigm is ap-
plied?”):

RQ-2.4.1 How does the project decompose its system under development?
RQ-2.4.2 Which views of the system were created in the project?
RQ-2.4.3 What development and modeling paradigms were applied in the projects?

As decomposition, viewpoint, and paradigm classification dimension, this section reuses
the categories and classification from Table 2.1 as specified in subsection 2.6.13. Since
all projects applied the SysML as modeling language, the table does not include this
dimension. For a better distinction between the projects, this section also provides
additional project information regarding the system development scope and the customer
without providing exact details to maintain confidentiality.

Table 4.1 presents the results of this evaluation. Two projects consider systems in the
vehicle, powertrain, and ADAS contexts and address system development projects at
Asian and German OEMs. As an exception, the Delta is a publicly funded project con-
ducted with several partners from the automotive and non-automotive industries. Thus,
there is a slight overhang to Europe, especially Germany, in the selected development
areas. Moreover, the selected projects do not consider America, an essential market
and vehicle development area. Alpha and Beta represent traditional document-based
development projects, whereas the other four projects represent model-based systems
engineering projects. Note that this proportion is rare in the current state of MBSE in
the automotive industry, where document-based approaches are still predominantly used
in systems development according to the CUBE process as [GKS121] shows. However,
since this thesis focuses on models and model-based development, this selection was de-
liberately made to compare different aspects of systems engineering in the automotive
industry. Since all projects deal with different aspects of system design, the following
sections highlight the different project contexts and methodological characteristics.

4.1.1 Alpha: An Example for Document-Based Overall Vehicle
Development

In the context of the Alpha project, the project team followed a traditional document-
based development process to develop a vehicle with different variants and options based
on a common platform following the principles from section 2.4. Even though the project
management considered a model-based development approach, the project decided on a
document-based approach with a system decomposition based on the physical structure
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Table 4.1: Selected industry projects and their decomposition method, viewpoints, and
modeling paradigm. @ = followed/created, © = partly followed/created, O
= not followed/created, @ = ADAS, &% = Vehicle, # =Powertrain, AS =
Asian OEM, EU = European Union, GE = German OEM.

Project Name Alpha Beta Gamma Delta Epsilon Zeta
i Scope & o @R *R o &=
Project
Customer AS AS GE EU GE GE
UC-Scenario O O © O O ©
Decom- .
.. Functional O O © O O @)
position .
(RQ-2.4.1) Logical L)) () (] ] { (]
o Physical [ ) () O O © O
Requirements ) [ o o { {
Use Cases © © () () O (]
) . Functional
Viewpoints . O O O O o {
Architecture
(RQ-2.4.2) )
Logical o o ° ° o °
Achitecture
Physical ° ° ° ° ° o
Architecture
Realization O O o [ | O
Others o o [ ([ o O
Functional o o o o ® °
: Modeling (FM)
Paradigm .
(RQ-2.4.3) Feature-Driven o o ° o ° °
o Development (FDD)
Model-Based o o ° ® ° °
Engineering (MBE)
Model-Driven o o © ® ° °
Development (MDD)
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and knowledge from previous projects. This decision based on the idea, to get the project
started on the traditional approach, which most of the project team already knew from
previous successful projects, hoping to save the resources required for systems modeling.

Consequently, the engineers only wrote textual requirements in a natural language
for systems specification. An additional use-case-based requirement elicitation using the
methods presented in [Coc01], and [Fow04], was evaluated for a small excerpt of the
system but not rolled out to the overall project. Thus, the vehicle’s features relied on
the features known from previous development projects and on market analyses for new
features. Moreover, the system design does not include the development of a functional
or logical architecture. As a result, only a physical architecture based on the known
components was developed and used for the system decomposition with three predefined
layers for the vehicle. These predefined layers reflected the involved engineering domains
and the (physical) components and were directly encoded in a generic BOM as suggested,
for example, in [HW91]. As an additional view for verification and validation, the project
relied on DVP&Rs for the elements of each decomposition layer to provide means for
the verification and validation of the requirements and the evaluation results. Concern-
ing the development paradigms Table 4.1 distinguishes, the project applied none. First,
the project did not apply functional modeling. Thus, no functional models that apply
this paradigm are considerable. Second, the project did not define features according
to Def. 7 and applied as required for FDD. Thus, even though the project defined mar-
keting features such as chrome finishes or an abstract lane assist, these features are not
comparable to the features defined in the projects that apply FDD according to this
paradigm. Finally, no system models resulted from the specification and design process.
Hence, the project neither applied MBE nor MDE during the system development.

Consequently, this project solely provides textual requirements as specification arti-
facts. Therefore, this project is used for the evaluation of the methods to process textual
requirements in the context of the methods provided in chapter 5 and serves as a repre-
sentative of a legacy project, from which a company might want to carry over results to
model-based development projects.

4.1.2 Beta: An Example for Models next to a Textual Specification of a
Powertrain

The Beta project focused on developing and optimizing a new powertrain system to
achieve best-in-class performance. To this purpose, the project focused on four tasks,
which each contribute to the overall project goal:

1. Product Targets: In the first task, the project team elicitated the target charac-
teristics the final powertrain must fulfill to achieve best-in-class performance.

2. Product Specification: In the second task, the project team specified the pow-
ertrain based on the elicitated product targets. To this end, the project team
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tailored the CUBE process to define the powertrain system’s requirements, in-
terfaces, and functions. Additionally, the task involved defining and evaluating
optimal powertrain architecture to meet the desired performance targets. In this
process, the involved systems engineers spent an additional effort to comply with
functional safety (FuSy), which included Function Failure Mode and Effects Anal-
ysis (FMEA) [Sta03] and Fault Tree Analysis (FTA) [LGTLS5].

3. Simulation, Benchmarking, and Optimization: The project team evaluated dif-
ferent powertrain architectures through simulations. By this, the team aimed to
analyze the powertrain performance and compare it against the previously defined
product targets. Consequentially, the simulation techniques served to gain insights
into the powertrain’s behavior, efficiency, and overall performance. Based on the
results gained in this step, the project team made incremental adjustments to the
specification and architecture.

4. Verification & Validation: Finally, the fourth task involved defining a high-level
test concept for the powertrain system. As in the Alpha project, the project team
used a DVP&R to outline the necessary tests and procedures to verify that the
powertrain meets the defined specifications and targets. By this, the DVP&R
ensures that the powertrain underwent exhaustive testing and validation before its
implementation in the final product.

To this end, the project applied a tailored variant of CUBE in which a textual system
requirement in natural language serves as a system specification, and SysML models serve
as architecture description. For decomposition, both the vehicle’s logical architecture and
the powertrain’s physical architecture served as an orientation for the systems engineers.
To design the system, the project team created viewpoints for requirements, use cases,
and functional, logical, and physical architecture. As in the Alpha project, a DVP&R
forms another view for verification and validation not further considered in this thesis.

Even though the project team created architecture models for the simulation and ex-
ecution of models, this model merely served for testing purposes without interfaces and
was not used in the system design and specification. Consequently, the entire specifica-
tion of the system relies on textual requirements that are enriched with images of partial
SysML models without legal obligation. Thus, this project also contributes to evaluating
the methods to process textual requirements in the context of the methods provided in
chapter 5.

4.1.3 Gamma: An Example for Feature-Driven and Model-Based Systems
Engineering for a Driving Function

In the context of the Gamma project, the project team developed a system design and
test specification for a partially automated driving function in which the vehicle carries

89



CHAPTER 4 SYSTEM MODELS IN INDUSTRY PROJECTS

out all driving tasks in delimited driving scenarios, and the driver only has to take
over control of the vehicle in emergency cases. As a function realization, the project
developed a system design for the required software functions, sensors, and actuators, a
safety concept, and a scenario-based test specification to facilitate system testing.

The project considered different decomposition options, including a use case-based
decomposition based on the driving scenarios, a functional decomposition based on the
required end-to-end functionalities the vehicle has to perform in these driving scenarios,
and a logical decomposition, in which logical components represent combinations of the
previous examples. Ultimately, the project decided to follow the logical decomposition,
as the additional grouping of use cases to functions to abstract logical groups allowed
previous system knowledge and organizational aspects to be considered. In this case,
for example, the safety concept included that different teams had to develop different
redundant components, which could also mirror the logical architecture, keeping the
individual functions as black boxes for the execution identical. This safety concept of
handling redundancy brought advantages and drawbacks, as chapter 8 further discusses.
As viewpoints, the project created views for requirements, functional architecture, logical
architecture, and physical architecture. To this end, another project team’s initial set of
stakeholder requirements served the project team as input for use case derivation. Based
on the elicitated use cases, the project team identified features for which it developed
functional architectures in operating principles. The actions performed in the operating
principle were assigned to the logical components for the execution and then allocated to
the executing element in the physical architecture. In addition, the project team created
a document-based safety concept, in which the experts referred to the model elements in
the system design model, and the testing team extended the design model with scenario
models, in which they combined sequence and block diagrams for the definition and
automated derivation of scenario-based test cases. Regarding the modeling paradigms
used, the project did applied the functional modeling paradigm, and developed the
feature signature and all interfaces from scratch. Regarding the FDD paradigm, the
project identified the system features based on the use cases and assigned them to feature
teams applying the FDD paradigm. Moreover, the project used MBE as a paradigm
during the creation of the system models. Even though the project aimed at making
the created models the primary artifacts according to Def. 15, the project only manually
used and created all parts of the resulting model. Thus, the project only established
parts of the MDE paradigm.

Because of the various ways of decomposing the systems, Table 4.1 compares these
possibilities with the remaining projects, because of its limited scope, exploratory nature,
and non-application of the model-driven development paradigm, the remaining chapters
do not refer to the models created in this project.
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4.1.4 Delta: An Example for Scenario-Based Systems Engineering for an
Automated Driving Function

The Delta project focused on developing an automated driving function in which the
vehicle carries out all driving tasks in delimited driving scenarios. In this project’s scope,
the potentially hazardous scenario for an autonomous vehicle is in focus, as scenario-
based system testing is the primary focus next to the model-based and feature-driven
specification of the vehicle and its architecture. As a special case of this project, the
software architecture is designed based on these scenarios first to obtain a software-
defined vehicle architecture [BMA23].

In the Delta project, the project team defined a vehicle system and system of sys-
tems specification model based on CUBE. As a particular case compared to the previous
projects, the objective of the project does not follow the standard feature-based de-
velopment of the system as presented in [GKS™21], but implemented a scenario-based
extension of CUBE, where identifying potentially hazardous scenarios to assess the safety
of the intended functionality of the system is in the focus of the project [MSG*22]. In
this process, the system modelers decomposed the vehicle according to a logical archi-
tecture. To specify the system, the project team created views for textual requirements,
use cases, operating principles, functional architecture, logical architecture, and physi-
cal architecture. Moreover, for the scenario-based testing, according to [MSG*22|, the
project team created additional models for the scenario specification. From a model-
ing paradigm perspective, the project team applied a feature-driven and scenario-based
development variation, Table 4.1 considers feature-driven development. Moreover, the
project team applied the model-based development paradigm, as they based their prod-
uct specification on system models. Since the project used the system models as key
artifacts of the system specification and further used them in later development steps,
using model generation and transformations, the project followed the MDD paradigm.

Because on these various model views, chapter 6, chapter 7, and chapter 8 refer to
this project in the evaluation of the applied methods.

4.1.5 Epsilon: Top-Down versus Bottom-Up Model-Creation for a
Powertrain Component

In Epsilon, the project team specified an already existing and operational component
of the powertrain, developed in a document-based methodology, to fulfill new company-
specific specification guidelines. To this end, the project team received the component’s
document-based specification and product documentation as input and reworked these
input documents as a model-based system specification. To this end, one part of the
project team followed a top-down approach based on the initial document-based require-
ment specification, and another pursued a bottom-up approach based on the technical
specification. Ultimately, they compared the results of both approaches, leading to the
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result that some interfaces and functional inter-dependencies between different compo-
nents of the realization were not part of the original specification, which tracing the
elements from the technical architecture to the stakeholder requirements revealed.

To create this system model, the project team decomposed the system logically based
on a solution-neutral functional component description and several technical constraints
to create a logical reference architecture for future systems developed in this area. By
this, the system decomposition deviates from the previously developed system decom-
position based on the physical architecture, which was considered a possible take-over
for the decomposition of the system architecture but was quickly discarded to realize
solution-independent architecture for future projects. As system views the project pro-
vided views for requirements, use cases, logical architecture, physical architecture, and
realization of the system. The project team integrated the initial stakeholder require-
ments as natural language requirements into the model to create a requirements view. It
derived additional natural language requirements from the system models where the en-
terprise policy required it. The use cases, functional architecture, and logical architecture
were then modeled top-down according to the CUBE process as presented in Figure 3.2.
To recreate the current technical architecture, the project team also created a bottom-
up architecture based on the realization described in the technical documentation. The
original product documentation referred to a model-based software development project
in which the production code was generated from the links to the elements of this model
and integrated into the system specification model. Finally, the project team mapped the
elements of the top-down created architecture to the elements of the bottom-up created
technical architecture, revealing that the technical architecture and realization models
contained elements that could not be mapped or even explained by the model derived
in the top-down by the original specification. As a result of this project, a follow-up
project addressed these issues by finding out which realization and specification had to
be adapted. Regarding the modeling paradigms used, the projects applied the functional
modeling paradigm to identify the system features and the function and logical compo-
nent interfaces. Moreover, the project applied the feature-driven development paradigm
described in subsection 2.6.13 to develop the system model as a set of reusable features.
As the model-based specification was the project’s primary goal, the project applied the
MBE paradigm. Moreover, the project aimed at making the created models the primary
artifacts according to Def. 15 and applied the MDE paradigm.

Since this project uniquely combines a top-down development approach with a bottom-
up approach based on reverse engineering, it is the representative project to evaluate the
comparability between these approaches. Moreover, it is well suited and applied to de-
termine whether the results from a model-driven specification comparable to document-
based specifications (RQ-4.4) in the evaluations of chapter 6, chapter 7, and chapter 8.
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4.1.6 Zeta: An Example for Model-Driven Engineering of an Autonomous
Vehicle

In the Zeta project, the project team developed a system design for an autonomous
vehicle, including textual requirements, system use cases, operating principles, and logi-
cal architecture. Instead of considering all the vehicle’s features, the considered project
phase only focused on the 16 features, which an evaluation performed before the project
conducted as the most critical features for the vehicle’s success. As an initial phase of
the overall vehicle development process, the project only focused on the creation of a
logical architecture for the following project phases without specifying a physical archi-
tecture. Hence, this project does not cover the creation and consideration of the physical
architecture. Because the project followed a demanding schedule, the team decided to
automate many modeling steps to reduce the effort required for system modeling.

The project team consisted of a project manager, who, as a domain expert, also mod-
eled 3 features, and 4 systems engineers with different experience levels responsible for
the modeling tasks leading to 5. Additionally, the author of this thesis led a team of
2 responsible for implementing the tooling required for the model-driven development
of the vehicle features and architecture. Finally, the team was supported by a CUBE
method expert to discuss modeling and method questions. In parallel, another team de-
veloped the LRA consisting of 6 vehicle systems and 6 subsystems of these systems. To
perform the necessary tasks, another project team already extracted the legal require-
ments for the system features from the relevant legislation in a previous project phase.
Moreover, the customer provided initial usage scenarios derived from a mission analysis,
which served as a starting point for the modeling team.

During the system design process, the project team decomposed the system logically
and created viewpoints for textual requirements, system use cases, operating principles,
and logical architecture. Moreover, to hold a tight schedule, the project team followed
the functional modeling paradigm and a feature-driven development, model-based engi-
neering, and model-driven engineering paradigm. To this end, the project applied most
of the methods this thesis presents in the following chapters. Instead of writing nat-
ural language requirements as investigated in chapter 5, the project decided to model
stakeholder values as use cases as described in chapter 6 and used them to automatically
derive operating principles from use case scenario templates as described in chapter 7.
Finally, these operating principles generated the chapter 8 by using the interfaces in the
operating principles defined according to the functional modeling paradigm. To explain
the model to inexperienced stakeholders as natural language requirements as described
in chapter 5, the project team developed a method to specify the named elements of
the model so that they are usable to generate natural language requirements from the
model.
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4.2 An Automotive Example

Because the contents of most considered projects are confidential, this thesis uses a
project-independent running example inspired by the context and use case diagram
from [FMS14a] and provides new ideas on the vehicle decomposition and the specifi-
cation of the drive vehicle use case.
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Figure 4.1: The automotive transportation scenario based on the simple automotive
model in [FMS14a].

In this example, a simple vehicle model serves as a starting point to develop a simple
driving feature, which transports persons and goods from a start to a destination. For a
better understanding, Figure 4.1 informal depiction of this setup and task. The vehicle
is the system of interest, which separates from the environment. As an actor, the vehicle
occupant interacts with the vehicle as a means of transportation. To this end, the vehicle
occupant enters and exits the vehicle, which requires the vehicle to have operable doors.
Inside the vehicle, occupants demand several forms of accommodation, which the vehicle
accessory provides. To regulate these accessories, the vehicle occupants want to control
the accessories i.e., they want to operate the climate control and the entertainment sys-
tem. As an implementation of the transportation task, the vehicle requires a particular
type of vehicle occupant, the driver, which drives the vehicle as another vehicle use case.
As an explicit differentiation of the driver from the other occupants that do not drive
the vehicle, the passenger is another specialization of the vehicle occupant that cannot
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drive the vehicle.

The execution of the vehicle transportation task requires several steps. First, people
must enter the vehicle to become occupants. Then, the driver must drive the vehicle
to the desired destination, at which point the people who entered the vehicle exit the
vehicle to finish the transportation task. While driving, the driver must be able to assess
the vehicle’s environment and driving state and give the vehicle the necessary control
commands. In this example, it is assumed that the vehicle has steering, acceleration,
braking, and different gears to ensure control.

To propel the vehicle, it is further assumed that the vehicle has a propulsion system
to provide the drive energy to accelerate the vehicle, a steering system to implement the
steering commands, a structural system to ensure the mechanical structure, passenger
accommodation, and stability of the vehicle, an energy system to provide the required
energy for all systems, and finally, an infotainment system to provide the amenities.

To specify this vehicle and transportation task using a model-driven systems engi-
neering methodology, the following chapters address these aspects. First, chapter 5
investigate how two example document-based systems engineering projects developed
vehicles in general and which problems are present in the legacy specifications of these
systems. Then, subsection 6.1.2 specifies the stakeholder value using SysML use case di-
agrams and presents the feature split for the operating principle development according
to the CUBE procedure as section 3.1 presented. As an implementation of this operat-
ing principle, subsection 7.1.3 presents the activity diagrams that describe the required
actions to transport people. Having this operating principle subsection 8.2.3 presents
the resulting logical architecture.

4.3 Interim Summary: How are Systems Engineering Projects
Conducted in the Automotive Industry?

Based on the previously presented projects and the classification presented in Table 4.1,
the answers for RQ-2.4 (“How is the system decomposed in the project, which viewpoints
are created, and which paradigm is applied?”) are:

1. First, most considered projects follow a logical decomposition approach regarding
how the project decomposes its system under development. However, one exception
was becoming evident in the case of the Alpha project, which follows the system’s
physical decomposition. To differentiate between these forms of decomposition,
the comparison chapter 5 presents a comparison between both ways of system
decomposition.

2. Second, addressing the views created for the system in each considered project,
the results from Table 4.1 indicate that the specific views vary depending on the
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project scope. However, since all projects follow the CUBE methodology, all views
are related to those presented in chapter 3.

3. Third, when considering the development and modeling paradigms the considered
projects use, it is essential to note that all the projects applied a combination
of various paradigms resulting from selecting the projects. Apart from this ob-
vious observation that results from the selection, this indicates that the CUBE
methodology is a flexible and adaptable approach with the potential to tailor the
methodology to the specific needs of various projects.

To further validate the findings, the following chapters present and ensure the conclu-
sions’ robustness. This section has already addressed some potential threats to validity.
Overall, the analysis of the projects presented in Table 4.1 provides valuable insights
into the system development approaches employed and sets the stage for comprehen-
sively exploring the subject matter in the following sections. By nature, however, these
projects only cover a comparably small selection of projects conducted at the same
engineering service provider, which might not represent all projects conducted in the
automotive industry. As mentioned, the selection of projects addressed this issue by
involving multiple OEMs as contractors in different regions. Additionally, the projects
included in the analysis were selected based on the application of CUBE as systems
engineering methodology, which could introduce a selection bias compared to a project
selection, which also includes system design projects that do not use CUBE as systems
engineering methodology. At least for related methodologies such as SMArDT or SPES,
it is probable that similar observations are possible, as these methodologies suggest sim-
ilar views, decomposition methods, and paradigms. Another potential threat lies in the
availability and accuracy of the project data. As the analysis relies heavily on the in-
formation provided in the projects, any inconsistencies or missing data could affect the
validity of the conclusions. Therefore, all analyses presented in the following chapters
focus on defined baselines of the project, which might be a partial state of the system
development for better comparability of the projects. Finally, the interpretation of the
results is subjective. Since different project members may have varying perspectives on
the categorization and classification of the projects, this could introduce a potential bias.
Therefore, the results were additionally aligned between a team of parties involved in
the project to have a similar understanding of the presentation made in Table 2.1.

Based on the investigation of the created views, the created views primarily focused
on textual requirements, operating principles, and logical architectures. These views
form the foundation for the subsequent chapters, which further investigate the system
analysis and design of automotive systems.
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Chapter 5

Modeling Textual Requirements using a
Requirement DSL

As stated in [Bro06], vehicle OEMs typically perform the majority of the requirements
engineering activities in the automotive industry, to which suppliers later add only small
parts as an enhancement. In this process, textual requirements written in natural lan-
guage are arguably still essential for the specification of automotive systems. As a result,
studies such as [LTK19] show that textual requirements are the norm in many areas of
the automotive industry, and only a few models exist. Even though [HP0O] early iden-
tified natural language requirements as insufficient and [Bro06] highlights requirements
engineering as a significant challenge in the automotive industry, concurrent systems
engineering projects such as Alpha and Beta, still rely on natural language requirements
for system specification. Relying on natural language requirements is not only a common
practice in automotive requirements engineering but also becomes evident when looking
at general software requirements used in different contexts [LMP04].

Consequently, methods for defining and applying system models in the automotive
industry must deal to some extent with legacy requirements in natural language and
a broad acceptance of these kinds of requirements and experience among the involved
engineers. Moreover, some related works in developing system architectures and system
requirements engineering concluded that (stakeholder and system) requirements and ar-
chitecture specifications are equal and intertwined [Nus01l]. Therefore, they conclude
that considering both together is somewhat beneficial for the development, which man-
ifests in the twin-peaks model [NusO1]. From the same community, other authors argue
that this can enhance the traceability between concrete usage scenarios and the system
architecture created in a business process [HBG15] or that a formalization of the require-
ments could bridge the gap between (textual) requirements and architecture [RTPT14].
In contrast to this approach, other authors argue that requirements and architecture
design can and should not be separated [PDKvKO02] and suggest a combination of these
concerns as problem frames [HJLT02], or express the concern that especially in the au-
tomotive industry requirements engineering is not always performed before design and
architecture in the system development process [EHKP15]. Therefore, systems engineers
who aim to apply methods for the design of automotive systems and their architecture
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must not only be aware that textual requirements (separated to architectural design
models) might exist but also keep in mind that these requirements are not necessarily
correct, aligned with all stakeholders, or complete.

As a result, other authors propose using models during the requirements engineering
process. The SPES methodology [PHAB12, PBDH16|, which is also a basis of CUBE as
presented in chapter 3, suggests, for example, the use of models during all development
phases [LTK19]. By this, the SPES framework complies with existing standards, such
as ISO/IEC 15288 [ISO15] and ISO/IEC 12207 [ISO17a], as shown in [BHH"14]. While
the following chapters handle this aspect in more detail, this chapter solely focuses on
integrating natural language requirements into the definition and application of system
models in the automotive industry and whether this integration benefits the system
model.

Therefore, this thesis focuses on to which extent legacy requirements are integrateable
into system architecture models. One of the main challenges in this regard is that natural
languages are neither context-free [PG82, Shi85], nor regular [Cho57] in the Chomsky
hierarchy of formal languages [CS59] and therefore until today no correct and complete
formal grammar for all natural language could be provided [JR12]. Although the natural
language formulation, according to this definition, seems to dominate the requirement
specification in the automotive industry, making automated processing with traditional
grammar-based parsing techniques impossible, many requirements that look like natural
language, at first sight rely on some formal or semi-formal requirement descriptions. As a
result, one could encode these sentence structures in the form of a DSL, as, for example,
practiced in [DHH"20] as a solution for scheduling shows in a television program. To
further investigate this possibility, section 5.2 investigates sentence pattern applied in
the automotive industry and examines the particular sentence pattern applied in the
evaluated Alpha and Beta project. Based on these insights, section 5.3 presents a DSL
for this sentence pattern before section 5.4 evaluates the applicability of this DSL in the
context of legacy requirements from the Alpha and Beta projects. Finally, section 5.5
summarizes the results concerning the research questions and derives lessons learned
from this application to system requirements from the automotive industry.

5.1 Requirement Diagrams for Natural Language Requirement
Modeling

To visualize natural language requirements diagrammatically, the SysML provides the
requirements diagram in [Obj19]. For the use in this thesis, Table 5.1 presents a subset
of the SysML specification [Obj19] tailored to the application in the context of the
integration of natural language requirements into the other SysML models this thesis
presents. With this definition, this section provides the required elements in the SysML
and contributes to answering RQ-3.1 (“How can requirements be expressed?”).
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Table 5.1: Requirement diagram elements required to describe natural language require-
ments according to the CUBE methodology.
Element | Notation Description
Name

Obligatory Diagram Elements

A SysML requirements element
consists of three obligatory
parts—first, the diagram name,
which names the element for a
more straightforward recognition.
Require- Second, a wunique identifier is
ment id ="ID" an attribute of the requirements
element that differentiates the
element from the other elements in
the model. Third, the requirement
text contains the natural language
requirement as a string.

«requirement»
Requirement Name

text = "Requirement”

The derive requirement relation-
ship enables requirements engineers
to derive one or more require-
ments from another SysML ele-
ment, which is not necessarily a
requirements element. According
to [Objl9], a «deriveReqt» rela-

Derive v ) ) .
Relation- : «deriveReqt» tionship describes a dependency be-
ship tween two requirements in which
«requirement» a client requirement can be de-
Derived Requirement rived from the supplier require-

ment. Consequently, the relation-
ship just creates a dependency be-
tween those two elements without
any further precisely defined se-
mantics.

With these two elements, Table 5.1 provides the foundations to diagrammatically
integrate natural language requirements into SysML models. By simply adding the
text into boxes, together with an identifier and a name, the SysML provides a low-key
method to integrate texts into the model and to relate/trace them to other elements
using the derive requirements relationship. As this relation does not have a precise
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semantics specification in [Obj19], this only describes that the client requirement or
element is derivable from the supplier element without exactly specifying what this
derivation means in this context and which intellectual or logical effort is required for
this derivation. Consequently, this diagram is easy to use, but has the drawback that
without any additional method, requirements engineers may put arbitrary, contradicting,
or unrelated texts into these boxes, resulting in no additional value to the diagram
compared to comments in notes. Therefore, this chapter addresses this challenge by
providing a method to formulate the requirement in the requirement elements. As unique
identifiers and names provide no considerable value in the context of the method this
thesis provides, these elements are not addressed any further, as the name only serves
to summarize the requirements. Many SysML tools already provide methods to set the
identifier automatically.

5.2 Sentence Patterns for Requirement Formulation

Requirement DSLs enable the formalization of natural language requirements. For exam-
ple, the graphical formalization language Simplified Universal Pattern [TBH16] enables
requirements engineers to formulate safety-critical requirements in trigger action pairs,
which has shown in an automotive application example that a large proportion of the re-
quirements can be formalized with this context [BBB118]. Moreover, [MSL15] proposes
a specification language for the specification of automotive systems. To this end, [MSL15]
specifies a DSL as a context-free grammar and an ontology to define the axiomatic terms
and types to allow including typed terms within the requirements [BBK*22b, BBK*22a].
To further enhance the application area of this DSL, [MSL16] introduces a toolchain for
requirement consistency checking based on SAT-solving.

Furthermore, the authors in [KC05] and [YCC15] provide methods for similar inter-
dependence and consistency checks for natural language requirements but in the form of
semi-formal requirements formulated in a requirement pattern, or so-called requirement
boilerplates. Instead of providing a fully processable context-free grammar for parsing,
these approaches aim at restricting the requirements engineers to simple sentence struc-
tures with a limited structural scope in terms of grammatical sentence structure and used
vocabulary without defining a formal syntax or semantics for the language. For example,
[EVFM16] proposes an approach to use sentence patterns to improve the completeness of
performance requirements, for which [EVF16] provides an approach for quality require-
ments. Likewise, [KCO05] provides a pattern for real-time specifications, which [PMHP12]
extends to requirement patterns for automotive behavioral requirements in a Case Study
conducted at BOSCH. Moreover, [FMK™11] provides a pattern and an ontology for em-
bedded system requirements, whereas [MWHNO9] provides a general requirements syn-
tax pattern. Apart from this company and industry-specific template, the MASTER
template based on [PR21] that is available in German and English. Especially in specific
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German-speaking countries, this template is also widely used [BBK*22b]. Instead of
using arbitrary natural language, the investigated projects Alpha and Beta use a similar
form of structured natural language in the form of a requirement template related to the
one presented in [PR21].

Because sentence templates provide only a rough framework for requirement formula-
tion and do not provide precisely defined syntax and semantics without further refine-
ment, verifying compliance with a template is often tricky. Even though this informal
definition brings the advantage that requirements engineers and template designers are
not limited to formally defined sentence structures, this approach has the significant
disadvantage that implementations of automated requirements processing cannot as-
sume correct phrasing of the input [BBK*22b]. Therefore, several approaches in related
works focused on extracting requirements in sentence templates by refining the orig-
inal template. For instance, [EVF16] presents multiple sentence templates to specify
quality requirements, and [FPQ"10] introduces a meta-model for software requirements.
Moreover, a catalog of 29 QR patterns [RMBFQO09] and 37 non-functional patterns
[PQFT12] serves as a basis of the PABRE framework [FQR"13], a method for using re-
quirements templates. To identify such a DSL in unstructured requirements, [BBK*22b]
and [BBK™22a] cluster unstructured textual requirements in natural language to detect
formulation patterns in these requirements. As the requirements in the considered in-
dustry projects Alpha and Beta follow an already known pattern, this thesis presents
a different approach by directly developing a DSL for these patterns. To this end, the
following section first presents the sentence pattern in more detail and then presents the
DSL usd for formalizing and processing the requirements.

5.2.1 A Reduced Pattern for Functional Requirements

To ensure the consistency and the quality of the requirements written in the require-
ments engineering processes, the Alpha and Beta projects apply the so-called Specifi-
cation guideline for Requirements Engineering (SPECTRE) to ensure consistency and
quality of the requirements and requirement specification artifacts. To this end, the
guideline contains, among other guides, the specification template Figure 5.1 presents.
By providing this formulation template, SPECTRE aims to achieve a uniform appear-
ance and quality of the requirements written by the company’s employees. In addition
to the template from Figure 5.1, the requirements engineers also received additional
examples from Figure 5.2.

To write these requirements, SPECTRE defines the main characteristics for require-
ments specification. Hence, it sets targets for requirements specification and by defining
practical rules, e.g., in the form of the template Figure 5.1 presents and the use of spe-
cific additional requirement attributes, which this thesis does not consider. To ensure
the requirement statements have the main characteristics SPECTRE defines, sentence
templates/patterns for different requirement types. According to the template Figure 5.1
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p for automatic system
if } <logical ’ activity

expression >

<process .
As soon as {<event> H system Hshall} ( ?/erb> H<object> H <value> ’

<time Provide
As long as <actor>

period >
with the ability to

[ Optional ] [ Optional ][ Optional ]

1—Itis also possible to attach the condition at the end of the sentence, as long as readability and understanding
do not suffer

Figure 5.1: The Specification guideline for Requirements Engineering (SPECTRE) tem-
plate used in the Alpha and Beta projects based on [PR21].

L if ’ L the absolute speed is ’ LthevehicleJ L shall ’ L deactivate ’ Ehe Lane Keeping Assist

below 50 km/h, functionality

L If ’ [the uphill gradient is less ’ [thevehicle LshallJ [ reach ’ Lthecree:pmg ’ [0f7 km/hJ
velocity

than or equal to 3%,
Substantiv Object

L shall ’ L have ’ L amaxmumcurb ’ [ of 3500 kg J
weight

The examples are primarily intended to showcase the flexibility the template provides in formulating requirements.

1 - The requirement can also be formulated as... “Below the speed of 50 km/h, the vehicle shall deactivate...”

1,2 — Itis also possible to attach the condition at the end of the sentence, as long as readability and understanding do not
suffer

L The vehicle

Figure 5.2: Additional examples for the application of the Specification guideline for
Requirements Engineering (SPECTRE) template that the requirements en-
gineers in the Alpha and Beta projects received.

presents, all requirements have a substantive and an action to express that the system,
which is the substantive of each sentence, performs some action. This action is either a
process verb i.e., the system performs this action by itself or provides an actor with the
ability to perform it. Moreover, all process verbs must appear in combination with the

102



5.2 SENTENCE PATTERNS FOR REQUIREMENT FORMULATION

modal verb “shall” to express the obligatory nature of the requirement. For example, a
vehicle as a system of interest could either drive (by itself) or provide an actor driver

with the ability to drive, which leads to the requirements first requirement that a vehicle
shall drive:

Example 1 (SPECTRE Requirement I). The vehicle shall drive.

Furthermore, the second refined requirement that the vehicle shall provide the driver
with the ability to drive:

Example 2 (SPECTRE Requirement II). The vehicle shall provide the driver with the
ability to drive.

If a requirements engineer aims to refine the action further, optional objects in the
template provide a mechanism to refine this aspect further. If the author of Example 2,
for instance, wants to highlight that drive fevers to the vehicle as the system of interest,
it is possible to write:

Example 3 (SPECTRE Requirement III). The vehicle shall provide the driver with the
ability to drive the vehicle.

Moreover, requirements engineers that use the SPECTRE template can specify con-
ditions at the beginning and the end of each sentence and could, for example, write the
following requirement to specify that driving the vehicle shall only be possible if the
vehicle previously established the ability to drive:

Example 4 (SPECTRE Requirement 1V). If the vehicle has established the ability to
drive, the vehicle shall provide the driver with the ability to drive the vehicle.

To express the occurrence of events, the requirements engineer can use the key phrase
“as soon as”, for example, by specifying:

Example 5 (SPECTRE Requirement V). As soon as the driver starts the engine, the
vehicle shall provide the driver with the ability to drive the vehicle.

Furthermore, the key phrase “as long as” could specify a time

Example 6 (SPECTRE Requirement VI). As long as the engine is running, the vehicle
shall provide the driver with the ability to drive the vehicle.

Finally, optional constraints provide further means to the requirements engineer to
restrict the application of process verb e.g., by writing the following requirement to
specify that the only intended operational environment is an operation on public roads:

Example 7 (SPECTRE Requirement VI). As long as the engine is running, the vehicle
shall provide the driver with the ability to drive the vehicle on public roads.
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In addition to restricting functionalities expressed by the process verb, the condi-
tion, and the object are also applicable to express that the system shall have a specific
characteristic or quality. For example, by writing the requirement

Example 8 (SPECTRE Requirement VIII). The wvehicle shall have a mazximum curb
weight of 3500 kg.

Because this requirement type also allows integration of system attributes and variabil-
ity points, we developed additional techniques for applying these quality requirements
in the Alpha and Beta projects.

5.2.2 A Reduced Pattern for Variability in Quality Requirements

As Example 8 shows, the SPECTRE language template from Figure 5.1 is applicable
for quality as well as functional requirements and constraints. To express variability and
reuse the requirements as modular requirements for multiple products in a platform (cf.
section 2.4), the requirements engineers from the Alpha and Beta projects decided to
enhance the requirements boilerplate for quality requirements according to the template
Figure 5.3 presents.

[ SPECTRE Requirement )

[ The vehicle ] shall [ have ][ a maximum curb weight J[ of 1500 kg J

[ SPECTRE Requirement 150% )

Vehicle
(Platform) ) ) ) )
The <System> || shall have a maximum curb weight of ${maximumCurbWeight}
Compact

Feature (Platform) System Attribute Value Unit

Suv Vehicle S${maximumCurbWeight} | 2.000 kg

Sedan Vehicle S${maximumCurbWeight} | 1.800 kg
Compact Vehicle S${maximumCurbWeight} | 1.600 kg

Coupe Vehicle ${maximumCurbWeight} | 1.400 kg

Figure 5.3: Additional applications of the Specification guideline for Requirements En-
gineering (SPECTRE) template for requirements engineers to integrate vari-
ability information in the Alpha and Beta projects.

To this end, the requirements engineers extended the initial template from Figure 5.1
with variables to define attribute values according to different variability models encoded
in a feature model. If a vehicle platform is used as a basis for four exclusive vehicle
types (e.g., SUV, Sedan, Compact, and Coupe) a requirements engineer without this
mechanism would have to write the following four requirements instead of writing the
four requirements for different variables as follows,
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Example 9 (SPECTRE Requirement IX). 1. The vehicle (SUV) shall have a mazimum
curb weight of 2,000 kg.

2. The vehicle (Sedan) shall have a mazimum curb weight of 1,800 kg.

3. The vehicle (Compact) shall have a mazimum curb weight of 1,600 k.

4. The vehicle (Coupe) shall have a mazimum curb weight of 1,400 ky.

Whereas a requirements engineer with this mechanism could only write the following
requirement and specify the individual information in an attribute table (cf. Figure 5.3):

Example 10 (SPECTRE 150% Quality Requirements I). The <System> shall have a
mazimum curb weight of ${maximumCurbW eight}

By this, a drastic reduction of written requirements is possible at the cost of maintain-
ing an additional artifact that handles the variability-specific values of the requirement.
Using this mechanism not only the attribute ${mazimumCurbWeight}, but also the
system <System> is a variation point for multiple requirements. Thus, the same re-
quirement for one system could easily apply to multiple associated systems, e.g., if a
requirement should be valid for a previously known set of systems. While the first con-
cept as shown in 10 was heavily used in the Alpha and Beta projects, the second concept
was not implemented in the projects, as the requirements engineers wrote and managed
the requirements per system and feared to lose track of the associated requirements if
only one requirement is maintained for multiple systems. Consequently, this concept
was not integrated into the DSL the following section develops.

5.3 A Requirements DSL for the Automotive Industry

To implement a DSL that processes these patterns, we developed and evaluated the
SPECTRE DSL with a prototype implementation based on [Kat21], which processes
these patterns using the language workbench MontiCore [Kral0, KRV10, HKR21]. As a
foundation of this work, the thesis in [Kat21] developed eleven MontiCore grammars to
parse different parts of the requirements, which are adapted slightly and presented fully
in Appendix B and briefly summarized in this section. Furthermore, the work developed
five context conditions to check some quality aspects of the requirements and a pretty
printer to achieve a uniform appearance of the already parsed requirements. There-
fore, the sentence template from Figure 5.1 was subdivided into parts for the condition,
substantive of the sentence (i.e., the system described in this requirement), the action,
object, and constraint as Figure 5.4 shows. Based on this general structure, [Kat21]
developed a further subdivision of the grammar based on the single components of the
language. Therefore, this original structure served as a reference, which further evolved
to the final structure Figure 5.5 presents. For increased reusability of the language com-
ponents for different project structures, eleven grammars from the basis of the language
for which Figure 5.5 depicts the relationship between these grammars. Since natural
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SPECTRE
Requirement

| } l }

Condition Substantive Action Object Constraint

Figure 5.4: Basic sentence structure that formed the basis for grammar development.

| SPECTRE |
1
| Sentence |
[ 4I\ ]
Action | Condition | | Constraint
| LogicalExpression |
Substantive | | Variable |
1 l »
| WordBasis | | Unit
1
| Name |
|
MCBasicTypes SlUnitLiteral

Figure 5.5: Final grammatical structure that forms the basis for the SPECTRE-DSL.

language texts typically combine multiple sentences, the SPECTRE-DSL grammar con-
sists of a construction rule for texts that consist of an arbitrary number of sentences
formulated according to the SPECTRE requirements boilerplate.

1 SpectreText = (SpectreSentence ".")x (SpectreSentence "."?); | MCG

Listing 5.1: The SpectreText grammar based on [Kat21].

As the high reusability of the language components for different project structures
is beneficial for additional applications, the final language draws on eleven grammars
structured as shown in Figure 5.5. Since natural language texts typically combine mul-
tiple sentences, the SPECTRE-DSL grammar consists of a construction rule for texts
that consist of an arbitrary number of sentences formulated according to the SPECTRE
requirements boilerplate.
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interface SpectreSentence = SpectreMainSentence; MCG
SpectreConditionFirstSentence implements SpectreSentence

= SpectreCondition "," SpectreMainSentence;
SpectreConditionLastSentence implements SpectreSentence

= SpectreMainSentence SpectreCondition;
SpectreNoConditionSentence implements SpectreSentence

= SpectreMainSentence;

N O s W N =

Listing 5.2: SpectreSentence grammar based on [Kat21]

The main sentence rule then further constructs the main parts of the requirement. It
starts with the non-terminal for the subject followed by a modal verb, which defines the
legal obligation of the action, followed by an optional substantive and constraint. By this,
the grammar construction follows the principles of LR grammar construction [Tom84]
using additional non-terminals called preterminals, which correlate to the actual terminal
defined in a separate place. Here, the construction rule delegates this to the WordBasis
grammar, which handles these special non-terminals. The use of preterminals not only
simplifies the language definition but also enables the language designer to easily extend
the grammar later, as only one subgrammar that contains the dictionary of allowed non-
terminals needs to be adapted. Thus, if future projects require additional concepts, such
as additional modal verbs for different legal obligations, as mentioned in [PR21], only
one grammar rule needs to be adapted.

1 SpectreMainSentence MCG
2 = subject:SpectreSubstantives SpectreModalVerb SpectreNot?
3 SpectreAction SpectreSubstantives? SpectreConstraint?;

Listing 5.3: The SpectreMainSentence grammar based on [Kat21].

The action construction rule consists of construction rules for the predicates the sub-
ject or substantive of the sentence (i.e., the system of interest) shall do. It starts with
referring to the non-terminal that encodes the verbal phrase used for encoding that the
system shall “provide a <actor> with the ability to”. Again, the grammar uses preter-
minals to delegate the non-terminal definition to the WordBasis grammar.

1 interface SpectreVerbalPhrase; MCG
2 SpectreProvidePhrase implements SpectreVerbalPhrase
3 = SpectreProvide SpectreSubstantive SpectreWithTheAbilityTo;

Listing 5.4: SpectreVerbalPhrase grammar based on [Kat21]
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Since the original informal boilerplate (c¢f. Figure 5.1) marks this part as optional,
its usage before the process verbs is also optional before the respective non-terminal
in the grammar. Moreover, since a process verb can combine one or more names, the
construction rule uses preterminals and refers to the SpecrteName non-terminal from
the WordBasis grammar.

1 SpectreName = (name:Name | name:SpectreToken); MCG

Listing 5.5: SpectreName grammar based on [Kat21]

Next, the substantive grammar follows the following structure. First, the following
listing defines multiple alternatives for one or more substantives. Since the system and
object definitions are similar, multiple substantives might occur, such as allowing a
requirements engineer to define a requirement for more than one system by a list of
systems. Hence, Boolean operators are allowed between the systems to define whether
the requirement applies for one, both, or not for a system. Because of this, the following
rule encodes these types.

1 SpectreSubstantives = ((SpectreSubstantive ",")? MCG
2 SpectreSubstantive SpectreBooleanOperator)? SpectreSubstantive

Listing 5.6: The SpectreSubstantives grammar.

Based on this rule for defining one or more substantives, the following rule defines the
rule for a single substantive used in combination with the previous rule.

1 symbol SpectreSubstantive MCG
2 = SpectreQuantifier? SpectreArticle? SpectreName+
3 (SpectreOf SpectreSubstantive)? SpectreMarketingName?

4 SpectreComment?;

Listing 5.7: The SpectreSubstantive grammar based on [Kat21].

According to this non-terminal, a substantive consists of an optional qualifier, an
optional article, and one or more words that define a named element in natural language,
followed by optional relations to other substantives, marketing names, and comments,
which were project-specific additions to the original boilerplate the Alpha project used
as an extension.

The SpectreConstraint interface provides several ways to specify conditions as a
part of a sentence in the DSL to express the optional constraint at the beginning or end
of each sentence. The Alpha and Beta projects used three variants of the constraint.
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1 interface SpectreConstraint; MCG

Listing 5.8: SpectreConstraint grammar based on [Kat21]

First, where the requirements engineer specifies a unit or a variable as a constraint.
Second, the constraint compares two variables, and third, where the constraint specifies
a maximum or minimum value of the object in the sentence. For further information,
Appendix B provides all project-specific implementations of this interface.

1 interface SpectreCondition; MCG

Listing 5.9: The SpectreCondition grammar based on [Kat21].

Finally, the SpectreCondition interface, as Listing 5.9 presents, provides the
framework for defining the condition as part of the general SPECTRE sentence boil-
erplate. Since the interface alone provides no implementation, [Kat21] developed several
specifications for defining conditions. First, an object or action can have a constraint
that specifies that reaching a specific quality is required i.e., the obligation to reach
a specific unit or variable. For example, the requirements engineer could specify con-
straints such that a vehicle should have a maximum curb weight “of 3,500 kg”. Since
it would also be possible to constraint that a specific vehicle characteristic shall have
or be a specific value, a comparison without the “of” is also possible. For example, a
requirements engineer could specify that the “vehicle maximum curb weight weight shall
be 3,500 kg.”. Therefore, the following rules serve to combine both cases. Second,

1 SpectreNoWordConstraint implements SpectreConstraint MCG
2 = (SpectreUnit | SpectreVariable);

3 SpectreOfConstraint implements SpectreConstraint

4 = SpectreOf (SpectreUnit | SpectreVariable);

Listing 5.10: SpectreNoWordConstraint AndSpectreOfConstraint grammar based on
[Kat21]

instead of using “of” to assign a specific value to an object or characteristic, a comparison
operation such as “lower”, “greater”, or “less or equal” can specify a boundary as a con-
straint. To achieve this aim, the Listing 5.10 provides the respective concept. Third,
and finally, a third way of expressing boundaries was defined for the application, which
is a particular case of the second case. In this case, instead of defining a boundary in
a comparing style, an upper or lower bound, the requirements engineer specifies upper
and lower bounds explicitly, for example, by writing “a maximum of” or “a minimum” of

as expressed in Listing 5.12.
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1 SpectreComparisonOperatorConstraint MCG
2 implements SpectreConstraint
3 = SpectreComparisonOperator (SpectreUnit | SpectreVariable);

Listing 5.11: SpectreComparisonOperatorConstraint grammar based on [Kat21].

1 SpectreWithAMinimumOfConstraint implements SpectreConstraint | MCG
2 = SpectreWithAMinimumOf (SpectreUnit | SpectreVariable);

3 SpectreWithAMaximumOfConstraint implements SpectreConstraint

4 = SpectreWithAMaximumOf (SpectreUnit | SpectreVariable);

Listing 5.12: The SpectreWithAMinimumAndMaximumOfConstraint grammar based
on [Kat21].

Since none of these rules contains terminals, all non-terminals not defined in the previ-
ous grammar examples are specified in the WordBasis grammar. By this, all adoptions
to the concrete implementations of the grammar are in a single source, which facilitates
the reuse of the language definition in different projects without the necessity to adapt
all grammar rules. These grammar rules introduce the primary contents required for the
research questions discussed in this section. For further reference, Appendix B provides
the complete grammar used for the evaluation based on a previous study conducted in
[Kat21]. The presented grammar results from an iteration tested on all requirements
of the Alpha and Zeta projects. Since natural language is not generally processable, as
described in [JR12], it is not unrealistic to assume that the SPECTRE template from
Figure 5.1 allows creating requirements that are not processible by the parser MontiCore
generates. As the following section will show, the projects Alpha and Zeta contained
these examples, and section 5.4 will discuss these threats in the context of these findings.

To additionally check the validity of the parsed requirements, [Kat21] developed five
context conditions to cover the essential cases for the evaluation of the requirements
used in the Alpha and Beta projects. Note that not all requirements and validity rules,
as specified in [PR21], are included in the implementation, but only the most essen-
tial for a first evaluation of the requirements written in the project. As a first rule,
the DoesContainShallCoCo checks whether the requirement contains “shall” as a
modal verb and throws a warning if the requirement consists of another model verb
specified in the WordBasis. Thus, the requirement “The vehicle must deactivate the
Lane Keeping Assist functionality if the absolute speed is below 50 km/h.” would be
parsable but not conform to this context condition. As a particular case of this rule,
other modal verbs apart from “must” and “shall” such as “might” are detected by the
DoesContainShallOrMustCoCo condition, which causes an error to ensure that the
requirements engineer uses a modal verb with some form of legal obligation according
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to [PR21]. Both context conditions are required, as the grammar construction rules
intentionally allowed other modal verbs in the construction, as references other than
the SPECTRE, such as [PR21], allow these constructions to differentiate between dif-
ferent legal obligations. Thus, other modal verbs were allowed in the first place and
later filtered using this context condition to detect whether the requirements engineers
used these differentiations in their requirements. Since the same sources also state re-
quirements to be formulated according to positivism, which means that requirements
engineers shall formulate requirements in a positive instead of a negative formulation,
the NoNegationCoCo warns the requirements engineer that a negative formulation is
in use. Hence, the context condition triggers a warning for the requirement “The vehicle
shall not activate the Lane Keeping Assist functionality if the absolute speed is below
50 km/h.” to hint that a formulation such as “The vehicle shall prevent activating the
Lane Keeping Assist functionality if the absolute speed is below 50 km/h.” would be
better suited in a positive requirement formulation. If a double negation is used, such as
in “No vehicle shall not deactivate the Lane Keeping Assist functionality if the absolute
speed is below 50 km/h.” the NoDoubleNegationCoCo triggers an error to prevent
requirements engineers from using this kind of formulation.

Finally, the SPECTRE-DSL from [Kat21] developed a PrettyPrinter to bring all parsed
requirements into a unified form. By this, all requirements that could, for instance, have
the condition at the end of the requirements are transformed to a requirement with the
condition at the beginning, leading to a uniform style of requirements writing.

5.4 Evaluation Requirements in the Automotive Industry

To evaluate to which extend requirements in a requirements template are processable
by a dedicated requirement DSL, the DSL developed in section 5.3 was applied to the
requirements from the Alpha (subsection 4.1.1) and Beta project, which follow the al-
ready known pattern presented in section 5.2. By this, the evaluation aims to answer
the following research questions:

e Is the developed requirements DSL applicable to legacy requirements from the
Alpha and Beta projects to detect errors in the specification?

e How suitable is the developed SPECTRE-DSL in the context of legacy require-
ments from the Alpha and Beta projects to integrate legacy requirements into
system architecture models?

e How applicable is the developed DSL in the context of legacy requirements from
the Alpha and Beta projects?

To answer these questions, the SPECTRE-DSL served to process the legacy require-
ments from the Alpha (cf. subsection 4.1.1) and Beta (cf. subsection 4.1.2) projects. In
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Figure 5.6: Requirements excluded during the preprocessing in the Alpha and Beta
projects.

this process, a preprocessing step filters the requirements and makes all requirements
processible. Then, the SPECTRE-DSL served to parse the requirements, and this the-
sis rates the applicability of the DSL by analyzing the parser errors and results of the
context-condition checks. As the automated processing of the requirements might miss
some essentials, this thesis finally connects these results with an expert analysis per-
formed on a comparable subset of the requirements in both projects to mitigate this
risk.

5.4.1 Preprocessing

Since the requirement DSL from section 5.2 has some additional restrictions, some pre-
processing steps were required to parse these legacy requirements. First, some require-
ment texts from the projects intentionally violated the SPECTRE template to formulate
information without legal obligation. By convention, the requirements engineers of both
projects marked these requirements by not using modal verbs in the sentence structures.
Since these were part of the initially considered requirements, all 25300 requirements
that did not contain any modal verbs are excluded from the total number of 66243 re-
quirements leading to 40943 parsed requirements in the Alpha project. In the same way,

112



5.4 EVALUATION REQUIREMENTS IN THE AUTOMOTIVE INDUSTRY

Table 5.14: Requirement preprocessing for the SPECTRE-DSL evaluation.

Preprocessing Step Total Alpha | Total Beta
Unchanged requirements 25618 1625
At least one - was removed. 10589 89

At least one / was removed. 2262 116

At least one - and / removed. 2474 25
Total Requirements 40943 ‘ 1855

Table 5.15: Overall evaluation results of the requirements in the Alpha and Beta projects
using the SPECTRE-DSL.

Overall Evaluation ‘ Alpha ‘ Beta
Passed 2491 531
PrettyPrinterDeviation | 2995 286
CoCo-Warning 5590 | 217
CoCo-Error 1312 10
ParserError 28555 | 811
Total | 40943 | 1855

189 requirements in the Beta project were excluded from the total of 2044 leading to
1855 for evaluation in this project. Figure 5.6a and Figure 5.6b present the relation of
excluded requirements in both projects.

Second, hyphens and slashes had to be removed, as they are not allowed at all places
in the requirements in the SPECTRE-DSL, whereas the original SPECTRE template
did not make any restriction in this regard. Table 5.14 shows the exact number of
requirements in which at least one illegal symbol was removed to evaluate the parser.

5.4.2 Parsing

After this preprocessing, the parser of the SPECTRE-DSL parsed the remaining re-
quirements. During this process only 12390 (30.26%) of the requirements in the Alpha
project and 1044 (56.28%) in the Beta project were parsable. Thus, 28553 (69.74%) of
the requirements in the Alpha project and 811 (43.72%) in the Beta project were not
parsable as Figure 5.7b additionally visualizes.

5.4.3 CoCos, PrettyPrinter and Overall Comparison

Additionally, all presented context conditions were applied, and the pretty printing al-
gorithm was applied to identify deviations between the original and the pretty printed
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Figure 5.7: The parsing results of the requirements in the Alpha and the Beta projects.

requirement. As the pretty printer, apart from fixing formatting issues, also formats the
main and subordinate clauses into a unified form, a requirements engineer might want
to cross-check deviating requirements for formulation errors. Based on these results, Ta-
ble 5.15 presents the overall evaluation results, in which the requirements are classified
according to the results the SPECTRE-DSL returned based on their severity. All passed
requirements passed the parsing process and the context-condition check and are suitable
for further processing in the context of further requirements correctness checking or inte-
gration into system architecture models. Next, all requirements where the pretty-printer
returned a different result than the initial requirement might also be suitable for further
processing. However, a manual quality check by a requirements engineer is required to
decide whether the parsed requirement in the AST of the SPECTRE-DSL specifies the
intended requirement. Then, all requirements with a warning did not pass all context-
condition checks but failed at least one context-condition for which section 5.3 specified a
warning. Since this might only indicate a problem but is not necessarily a violation of the
requirements boilerplate, these requirements might also be suitable for further process-
ing. The following requirements are erroneous, starting with the requirements for which
the context conditions detected an error. While the requirements still have an AST and
clear order to a violated guideline, all requirements that are not parseable are rejected
for various reasons. As Table 5.15 shows, these requirements are the biggest group of
requirements in both projects. The percentage distribution Figure 5.8 presents reveals
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Figure 5.8: Overall evaluation results of the requirements in the Alpha and Beta projects.

further that in the Alpha project, the most significant proportion of the requirements
could not be parsed, whereas in the Beta projects, more requirements were parsable than
not-parsable. Consequently, all 38452 requirements in the Alpha project and all 1324 in
the Beta project that were not evaluated as passed would require additional efforts to
correct these errors.

Furthermore, both projects demonstrate that only a few requirements were successfully
processed, which indicates that using the requirements DSL is more effective in detecting
errors in the existing requirements than in processing them. The application identified
more erroneous requirements than successfully processed requirements in the projects
under evaluation. Thus, using a requirement DSL set is convenient in correcting legacy
requirements in comparable projects. Nonetheless, it is not a suitable method for editing
them when many errors are present in the legacy dataset, as the resources for automated
requirements correction are unavailable.

5.4.4 Comparison with Expert Analysis

Since this evaluation only shows which requirements successfully parsed or failed a con-
text condition but does not further explain why a specific requirement was not parsed,
two subsets of the requirements were selected, in which two requirement experts manu-
ally classified the errors in the requirements. For improved comparability, the selected
subsets refer to a set of requirements that address the same subsystem in both projects,
but two different teams of requirements engineers specified the requirements. The appli-
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Figure 5.9: The overall requirement evaluation results.

cation of the SPECTRE-DSL leads to the requirement evaluation shown in Figure 5.9.
As the comparison of Figure 5.9a and Figure 5.8a shows, there is a deviation in the subset
from the overall trend, whereas the comparison of Figure 5.9b and Figure 5.8b reveals a
comparable trend. Even though this deviation might indicate that the subset selection
in the Alpha project is not representative of the overall project, a further analysis of the
requirements in this subset revealed additional knowledge.

In this process, two requirements experts manually evaluated whether the requirements
fulfilled the SPECTRE template and identified the errors in these requirements. After
both engineers finished this manual evaluation, the requirements engineers consolidated
their evaluations to an overall evaluation result. During this process, they discussed
all deviations and developed a uniform classification scheme as presented in Table 5.16.
With these results, comparing the manually rated requirements and the results from the
SPECTRE-DSL enables a validity check of the passed requirements in the next step.
As this comparison showed, all parsed requirements conform with the template, and all
requirements that passed requirements were parsable in the DSL.

As the variable error shows, a large proportion of the Alpha requirements in the subset
were not parsable since the requirements engineers specified the variable wrongly e.g., by
using the wrong brackets or by specifying the actual values inside the brackets, which is
a violation of the grammar rules specified in the SPECTRE-DSL. Since they can easily
be corrected, Figure 5.10 presents a new evaluation result using corrected requirements
as input. As the comparison of Figure 5.10 and Figure 5.8a shows, the new requirements
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Table 5.16: Manual evaluation results of the requirement subsets extracted from the

Alpha and Beta project requirements.

Manual Classification

| Total Alpha subset | Total Beta subset

Additional information 15 13
Comment Error 8 15
Constraint error 4 2
Correct 47 189
Punctuation error 8 1
Sentence structure error 168 103
Variable error 163 0
Wrong use of variable 85 1
Total | 498 324

Pretty Printer
Deviation; 46; 9%

—_—

Passed; 12; 2%

CoCo Warning;
22; 5%

Parser Error; 418;

Figure 5.10: Overall evaluation results of the requirements in the Alpha subset with

corrected variables.
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are closer to the overall trend but do not follow it completely. Although slight deviations
to the template application are easily overseen or accepted by a human reviewer, they
cause significant deviations in the outputs using a parsing algorithm. Thus, requirement
DSL are suited for error detection in requirements.

5.4.5 Reflection on Research Questions

In conclusion, the application reveals that the developed DSL is well suited to detect
structural errors in the requirements. As Figure 5.8a and Figure 5.8b show, the applica-
tion of the SPECTRE-DSL to the legacy requirements uncovered errors in a significant
fraction of the requirements, which the manual requirement reviews performed in the
projects prior to the application of the requirements DSL failed to uncover. Therefore,
according to the applicability of the requirements DSL for structural error detection, the
first research question can be answered with yes and backed up with these results. As
the DSL by design only checks the structural consistency with the SPECTRE template,
only these errors could be detected applying the DSL. Hence, an in-depth analysis of the
unambiguity and semantical correctness could not be performed using the DSL due to
a lack of formalization of the statements in the requirements template.

Regarding the second research question, as Figure 5.8a and Figure 5.8b indicate most
legacy requirements were not parseable or required other corrections as indicated by
the failed context condition checks. Thus, an easy integration without another massive
correction effort within the legacy requirements is impossible. Thus, whether the efforts
saved in processing these requirements overcompensate the efforts required to correct
the legacy requirements is questionable. Therefore, it might be better to model new
systems directly from scratch than integrate these legacy requirements.

In conclusion, concerning the third research question, all requirement templates were
identified in the requirements. Moreover, in manually checked subsets, no requirements
were discovered to be accurate in a manually formulated SPECTRE expression but were
not parsed by the DSL. However, these project applications only covered some possible
requirement formulations. Thus, further (and not parsable) formulations are possible in
the requirements boilerplate, which cannot be processed using similar construction rules.
Consequently, there remains a risk of not detecting correct requirements when applying
the DSL on legacy requirements in the Figure 5.8a and Figure 5.8b and other unrelated
projects.

5.5 Interim Conclusion, Discussion and Lessons Learned
The experimental evaluation presented in this thesis allows us to draw some conclusions

and lessons. Since there are some risks and challenges in generalizing the results due
to the nature of the experimental evaluation, they are first classified, discussed, and
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evaluated in subsection 5.5.1 before subsection 5.5.2 presents the conclusions and lessons
learned.

5.5.1 Threats to Validity

Regarding the validity of the results, the evaluation bears two significant risks. First, al-
though the projects consider numerous requirements, they only consider projects at the
same engineering service provider. Therefore, the results do not represent all the require-
ments in the automotive industry. Secondly, the partial reproducibility of the evaluation
arises from the inability to publish the requirements alongside the DSL for assessment.
As a result, other researchers may find the evaluation moderately reproducible.

Due to the first risk, the insights derived from this evaluation offer a limited per-
spective, capturing only a tiny portion of the overall industry. Nonetheless, despite this
constraint, the case study provides valuable lessons that this thesis aims to convey in the
concluding section of this chapter. As for the second risk, the grammars are accessible
in Appendix B, enabling other researchers to conduct similar experiments on different
requirements.

Moreover, some additional risks remain regarding the implementation. On the one
hand, additional patterns might improve the requirements formulation results and lead
to another result in the evaluation. To mitigate this risk, the manual evaluation of
a representable subset as presented in section 5.4 was performed, which showed that
the rules implemented in the DSL were sufficient to process the requirements in the
subset. This assessment revealed that all parsed requirements conformed to the provided
sentence template and vice versa. Hence, all requirements that passed the expert review
were also parsable in the DSL. Consequently, the results revealed that even though
manual checking is feasible, using the requirements DSL reveals the same structural
errors without needing a dedicated expert evaluation. As revealed by the detected misuse
of the template in the Alpha project, we can efficiently correct misused rules in the
template or extend the DSL using the generative and extensible design of MontiCore.
Because of the modular grammar design and the use of preterminals in the SPECTRE
grammar, a straightforward extension is possible, mitigating concerns regarding potential
improvements in the initial interface implementation used for the evaluation this thesis
presents.

Finally, only five essential context conditions were implemented in the first place (cf.
section 5.3), which means that additional context conditions might render additional
requirements invalid. For a complete set of context conditions, the project internal
guideline specified 11 additional rules that could be implemented as additional context
conditions in future works. Since an essential proportion of the requirements requires
additional effort to correct the results, which would also be the case when context condi-
tions render additional requirements invalid, the results gathered in this evaluation are
valid.
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5.5.2 Lessons Learned from using the SPECTRE Requirement DSL in the
Automotive Industry

Despite its limitations, the methodology yielded valuable lessons that apply to similar
projects through its application in the context of the Alpha and Beta industrial projects.
In order to continue to make these insights applicable, this paper will break them down
into the following four lessons:

e [1: Legacy requirements in natural language requirements are partially unusable
for automatic models or model element derivation.

e L2: Errors are more easily explained to the user if the elements are grammatically
labeled.

e [.3: Requirement DSLs are well suited to check the structural correctness of re-
quirements but do not give many insights on the semantic quality.

e [4: Requirements engineers need to improve their ability to write syntactically
correct requirements in a sentence template and recognize minor structural errors
during a manual check.

The first finding resulting from the evaluation in section 5.4 is the observation that in
both evaluated projects, a large part of the requirements do not meet the formal criteria
of the sentence template and are therefore not suitable for further use (L1). For exam-
ple, already during preprocessing 25300 requirements that did not contain modal verbs
and were removed from the total number of 66243 requirements in the Alpha project,
and 189 requirements in project Beta were excluded from the total 2044. Despite the
intentional deviation from the requirements template in the applied methodology to
make these requirements more informational, there is still a possibility that this word-
ing stems from a specification error or that, despite their informational nature, these
requirements contain essential information for the requirements specification. As a re-
sult, other techniques such as requirements classification of requirements and informal
statements might be useful to process the requirements as suggested in [WV16]. In ad-
dition, numerous remaining requirements are also not processable due to other errors
in using the requirements template. For example, only 12390 (30.26%) of the require-
ments in the Alpha project and 1044 (56.28%) in the Beta project were parseable. Of
the parsed requirements, the context conditions subsequently revealed additional errors.
In terms of the total 66243 in the project Alpha respectively 2044 in the project Beta,
only 2491 (30.26%) of the requirements in the Alpha project respectively 531 (25.98%)
of the requirements were in a state suitable for further processing without any manual
corrections. Accordingly, a significant portion of the requirements that are not pare-
seable, contain errors or warnings have to be reworked. Thus, 38452 (58.05%) in the
project Alpha or 1324 (64.77%) in the Beta project) require rework, which, due to the
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additional effort that is required to rework the legacy requirements, reduces the benefit
of the approach compared to completely new development with MBSE methods. Fur-
thermore, independent of the experiment presented here, [AVPT19] also points out that
when implementing MBSE, it is often not helpful to start with old requirements, but it is
better to start from scratch for new MBSE projects. In addition, interviews in [LTK19]
establish that fully formalized models, such as those needed for automated derivation of
models from textual requirements, are not considered necessary by industry, and many
legacy requirements are not reusable in new developments either due to their quality.

The second lesson results from the observation that although a requirement-DSL, as
this thesis has presented in section 5.3, is well suited to check compliance with a sen-
tence template, it is difficult for a user to see which steps are needed to translate the
requirement into a correct requirement. The main reason is that the parsers cannot
effectively communicate the errors to the relevant domain experts. Identifying specific
actions to transform the provided text input into a valid request becomes challenging
due to the sentence template in use. For example, the parser generator ANTLR used
by MontiCore generates an LL(K) parser that is very good at identifying syntax errors
due to its structure [MMMI16]. However, the text passages and excerpts are challenging
to classify without a linguistic or grammatical context since the requirement template
is oriented more toward the grammar of the English language than the formal language
used for parsing, which also manifests in the results of the manual classification of the
requirement errors (cf. Table 5.16) that indicates that most errors follow from incorrect
sentence structures, which might be correct in natural language but violate the require-
ments template. Linguistic methods such as NLP [ZAF*21] or Al-based approaches such
as LLMs could counter this problem by using different parsing algorithms in case of NLP
or could provide means for automatic error correction [BKK*23] using LLMs or DSL
extraction [BBKT22b, BBK*22a] suggested could be promising approaches for future
research to extend to the methods presented in this chapter. Since natural language
is neither context-free [PG82, Shi85], nor regular [Cho57] in the Chomsky hierarchy of
formal languages [CS59], these methods based on natural language processing are not
always correct, which might lead to false positives and false negatives. Therefore, if
one uses NLP to check the performance, as presented, for example, in [ASBZ15] for the
sentence template in [PR21], it still requires additional manual effort to rule out these
erTors.

As the results in section 5.4 show, the requirements specification DSL presented in this
thesis is well suited for detecting errors in the requirements specification. This observa-
tion becomes evident not only in the number of errors detected in the projects considered
but also in the comparison with the expert review of the requirements. As Table 5.15
shows, the majority of the requirements in the projects under consideration still contain
structural errors that the requirements engineers did not recognize during the manual
review. The comparison with a further in-depth expert evaluation in Table 5.16 shows
that many structural errors in the requirements remained undetected in the first review.
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Furthermore, this additional review showed that the use of the requirements DSL not
only revealed all structural errors in the subset under consideration but also that all
detected errors did not match the structural framework specified by the requirements
template from section 5.3. Although the experts’ capacity was insufficient to check all
requirements manually, there could, therefore, exist further uncovered cases in which the
requirements DSL failed in this task. Some conclusions for future projects can be drawn
from the subset under consideration. Because even if this or a comparable DSL is capa-
ble of uncovering all structural inconsistencies, each evaluation comparable to the one in
section 5.4 only provides a few insights regarding the semantic correctness of the require-
ments. Methods based on requirements templates only provide a structural framework
for requirements formulation but offer no possibility to evaluate the logical correctness
of the logical implications raised by the requirements. Therefore, the requirements could
be correct (or incorrect) in the context of the system under development, regardless of
their structural compliance with a requirements template DSL. Future projects that aim
to mitigate this risk must provide additional mechanisms or transformations to check
this aspect in addition to structural correctness. As presented in [BKK123], possible
extensions use requirement templates as a starting point for translating requirements in
TCTL, in which an automatic consistency check is possible.

Since all requirements were manually reviewed by requirements engineers before, and
still many structural errors were identified, the evaluation in section 5.4 also indicates
that humans are not good at identifying structural errors and the fulfillment of a require-
ments template (L4). Therefore, the application of automated requirements-checking
mechanisms enables requirements engineers to increase the quality of their requirements.

Based on these lessons learned during the application of the requirements DSL, the
following suggestions are possible:

e As L4 shows, requirements engineers tend to overlook many structural errors in
a manual review. Moreover, as L1 revealed, requirements DSLs and comparable
NLP based approaches such as the one in [ASBZ15] reveal many additional errors
in a short amount of time. Therefore, it is a good practice not only to hand a
sentence template to the requirements engineers but also to establish mechanisms
to automatically check the compliance of these structures.

e To aid in the requirements processing, it is helpful to aid the parser in detecting the
individual sentence parts by adding brackets to the additional parts (for example,
done in section 5.3 to mark the constraints). As another extension, requirements
engineers could also label all parts of the requirements by different brackets or
establish tabular requirement templates in which each part of the requirement is
a cell in a requirements specification table.

e Do not use natural language for requirements specification. Even though this pro-
posal seems misplaced in a chapter about methods for modeling textual require-
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ments, the insights of the evaluation in section 5.4 show that an additional effort
is required to correct two-thirds of the considered requirements. As a result, the
efforts spent on legacy requirements that should not be part of the original model
seem unreasonable. Methods such as SPES [PHAB12] or SPESXT [PBDHI16]
show that a complete model-based system specification does not require textual
requirements formulated in natural language. Consequently, a specification and
integration of natural language requirements might be unnecessary.

In the process of taking up the idea of the last insight, the following chapters aim to
answer the following follow-up questions:

e How can elements that are typically described in natural language be encoded in
SysML models?

e How can semi-formal textual requirements be derived from SysML models?

e [s it beneficial to use textual natural language requirements for reviewing purposes
of the model?

To this end, section 6.1, section 7.1, and section 8.1 investigate how these elements
are expressible as SysML Use Case Diagram (UCD), SysML Activity Diagram (AD),
SysML State Machine Diagram (STM), and SysML Internal Block Diagram (IBD) di-
agrams and how these elements are usable to derive semi-formal requirements. Finally,
subsection 6.4.3, subsection 7.3.2, and subsection 8.3.2 investigate how these perform in
practical applications in the context of the Zeta, Delta, VTOL, and Epsilon projects to
answer RQ-4.4 (“Are the models that result from a model-driven specification compara-
ble to document-based specifications?”).
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Chapter 6

Expressing Stakeholder Values using Use
Case Diagrams

This chapter presents a method to express stakeholder values according to the CUBE
methodology using use case diagrams, drawing on the previously published formalization
of use case diagrams in [KRW22]. Since use case diagrams are a means to describe the
functionalities of a system in terms of how its various users achieve their goals by using
the system [FMS14b, KRW22|, they are commonly used to express the functionality
requirements [PR21] or to model system functionalities [FMS14b, JGW*21].

The concept of describing a system’s functionality based on simple models [KRW22],
called use cases, originates in [Jac93] and further evolved over multiple approaches and
representation forms [Coc01, Fow04] to its current standardized form in the UML [Obj17]
and SysML [Obj19] specification. Apart from this standardized graphical representation,
various ways to formulate use case specifications exist, such as tables, as mentioned in
[Fow04, Coc01] or other UML/SysML diagrams [FMS14b]. In this context, two different
approaches to modeling use case diagrams exist. First use case diagrams, as a means
of describing how (i.e., in which use cases) external actors interact with the system to
achieve their goals [FMS14b], and, second, use case specifications, as a means to specify
the system behavior in a given use case scenario [Whi06]. Since the first understanding is
related to the corresponding use case diagram from the UML [Obj17] and SysML [Obj19]
specification and follows the same ideas as the stakeholder value specification in CUBE,
this section focuses on the first understanding, whereas the second understanding of a
use case specification in chapter 7, as the latter understanding is more related to the
operating principle specification in CUBE.

Hence, in the context of this thesis, the use case diagram aims to address three main
concepts. First, the actors in this diagram help to visualize the system participants.
Second, the system boundary aims to delineate the system from its environment from
which the actors interact with the system. Third, the primary and namesake concept
of the diagram, the use cases, serve to specify the system’s intended behavior since the
stakeholder values in CUBE focus on identifying high-level stakeholder requirements and
how the system’s features can contribute to specification.

To address RQ-3.2 (How can stakeholder values be formulated?), this chapter is struc-
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tured as follows. First, section 6.1 presents a method to express stakeholder values as
use case diagrams. Then, section 6.2 defines the semantic basis for the use case diagrams
used in this thesis based on [KRW22]. Drawing on this formal semantics definition, sub-
section 6.4.1 provides an extension of the modeling guideline section 6.1 in the context of
the semantics definition from section 6.2 to derive natural language requirements from
the use case models, which could ultimately replace natural language requirements in
the stakeholder value specification. Finally, section 6.4 evaluates this method in the con-
text of industry projects to demonstrate the approach’s applicability in the automotive
industry.

6.1 Use Case Diagrams for Stakeholder Value Specification

Apart from textual requirements, use case diagrams are a commonly applied means
to formulate high-level requirements on a system [BS03, CHQW15]. In the context of
the CUBE methodology, as summarized in section 3.1, the use case diagram targets
several essential aspects in system analysis and design. First and foremost, the actors
of a use case diagram aid in pinpointing the relevant system stakeholders at the current
decomposition level. These stakeholders could include individuals or other systems that
interact with or influence the system under design. Next, the system boundary draws
a clear line between the system, where the use cases are located, and its environment,
where the actors interacting with the system and serving as stakeholders are drawn. By
this, the use case diagram assists in the definition of the system boundary as defined in
subsection 2.1.1. Therefore, it facilitates a comprehensive understanding of the system’s
boundaries for the diagram reader and draws a first sketch of its interactions with the
broader system context. Furthermore, the use case diagrams must reflect a stakeholder
value model that assists systems engineers in articulating what stakeholders anticipate
from the system, thus encapsulating their needs. Hence, use cases serve to represent
these anticipated interactions and functionalities.

6.1.1 Diagram Elements to Model Stakeholder Values using SysML Use
Case Diagrams

To systematically express stakeholder values independent of the specification method,
with use case diagrams, Table 6.1 provides a subset of the SysML specification [Obj19]
tailored to the application in the context of the stakeholder needs elicitation. By this, this
section contributes to answering RQ-3.2 (“How can stakeholder values be formulated?”),
providing the required elements in the SysML.
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Table 6.1: UCD elements required to describe the stakeholder values according to the

CUBE methodology.

Element
Name

Notation

Description

Obligatory Diagram

Elements

Use
Case

A use case describes a functional-
ity or characteristic that the sys-
tem offers. When associated with
an actor, it refers to how the actors
may use the system to achieve their
goals.

Actor

Actor

Actor

An actor represents a human (e.g.,
a system user), an organization
(e.g., for standardization), or any
system in the environment that in-
teract with the system of interest).

Associa-
tion

@

Actor

An association is a relationship be-
tween an actor and a use case that
specifies the interaction between
the actor and the system accord-
ing to the specification of the use
case [ISO17b].

System
(Bound-

ary)

System Boundary

A system boundary represents a
mental boundary that separates the
system under development from its
environment. The use cases within
this boundary express the ability of
the system to offer these different
functionalities to its stakeholders in
its environment.

Optional Diagram Elements
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Table 6.1: UCD elements required to describe the stakeholder values according to the
CUBE methodology.

The include relationship depicts
that the functionality of the in-
cluded use case (indicated by the
direction of the arrow) is part of
the functionality of the base use
case [Obj19].

Include Included Use

Case

«include»

The extend relationship enables the
______ Extending Use extension of base use cases by an
Case Case . .
«extend> extending use case whose function-
——— ality is not part of the functionality
Xtende
® «extend» ) of the base use case. The condition
- —\ - __ Extending Use . .
extension points ; Case is optional and may refer to an ex-
pl ' . . . .
: tension point that identifies a spe-

B‘ cific point at which elements of the

Extended Use

Extend

Condition :{boolean expression}

extension point: p1 extending use case supplement the

behavior of a use case.

The generalization relationship

shows that a use case or actor (also
General- <t known as a child or specialization)
ization parent Actor Child Actor inherits the characteristics of an-
other use case or actor (also known
as a parent or generalization), but
is more specific. Consequently, all

specializations can participate in
scenarios instead of generalizations.

Parent Use Case <] Child Use Case

The stereotype «abstract» indi-
cates that the use case or actor to
which this stereotype is applied has
no concrete realization and must
«abstract» therefore have a specialization that

Actor replaces the actor or realization in
a scenario. Note that the SysML
standard [Obj19] also allows to in-
dicate abstract actors by writing
the name in talic.

«abstract»

Actor
Abstract

«abstract»

Use Case
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As the name-giving element, use cases are the primary elements of the SysML use case
diagram and consequently obligatory elements for a use case diagram that expresses the
system’s functionalities to its stakeholders. Since a use case only describes what happens
but not who is required to participate in order to execute the functionality, nor which
system executes this functionality, the actor, the association, and the system boundary
are the other obligatory elements required in all SysML use case diagrams for expressing
stakeholder values according to CUBE. Therefore, a system boundary (also called subject
in the SysML standard [Obj19]) typically governs the diagrams, standing out as the most
prominent element wherein and around all other diagram elements reside. It represents
a mental boundary that separates the system under development from its environment.
System boundaries might be nested according to the decomposition structure of the
system, especially on the lower decomposition levels of CUBE. The use cases within
each boundary express the ability of the system to offer these different functionalities to
its stakeholders in its environment, which the diagram depicts as actors. According to the
SysML specification, actors represent roles external to the system that may correspond
to users, systems, and or other environmental entities [Obj19]. Since this definition
overlaps with the stakeholder definition (cf. Def. 9), as the actors have a right, share,
claim, or interest in a system or its possession of characteristics that meet their needs and
expectations [ISO15] in the form of these use cases, the actors in the diagram represent
the stakeholders of the system. When associated with an actor, a use case refers to how
the actors may use the system to achieve their goals. Therefore, a use case associated
with an actor depicts a stakeholder value where the actor is the stakeholder that requires
the system to have a use case to achieve its goals. When not associated with an actor,
a use case is either underspecified and might be associated with an actor of a lower
decomposition layer later or executed by the system as an automatic system activity.

Apart from these obligatory elements, several optional elements might aid in further
refining the diagrams. First, the include relationship indicates that the functionality of
the included use case is part of the functionality of a base use case. Using the include
relationship, a systems engineer can further refine the stakeholder value expressed by
a base use case to additional steps. Following a similar idea, the extend relationship
enables systems engineers to extend a base use case with an extend use case whose
functionality is not part of the functionality specified in the base use case. With an
optional condition, a systems engineer may further specify the required conditions for
this extension or even combine this condition with a reference to an extension point
that identifies a specific point at which elements of the extending use case supplement
the behavior of a use case. Finally, the generalization relationship shows that a use
case or actor (also known as a child) inherits the characteristics of another use case or
actor (also known as a parent). By utilizing this relationship, a systems engineer can
define additional, more specific, actors or use cases that may participate in all scenarios
where the general use case or actor participates. Furthermore, the engineer can specify
additional scenarios where only specialization is permitted.
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Note that all elements are beneficial in a stakeholder value specification, but not all
optional elements are necessarily required to create a valid stakeholder value specifica-

tion.

6.1.2 Stakeholder Needs for a Simple Vehicle Expressed as a SysML Use
Case Diagram

To apply the previously defined concepts, in the context of this thesis’ running example
from section 4.2, Figure 6.1 presents a use case diagram based on the simple vehicle
example provided in [FMS14a]. As a boundary, the diagram specifies the ‘Vehicle’, which

N

ucb

Vehicle

«include»

Open the Door

Enter the Vehicle
I

«abstract»\ -
~ «include»

Vehicle Occupant
Exit the Vehicle

Control the Climate
Control

«abstract»
Control the Vehicle
Accessory

Control the
Entertainment

Driver
: System
Perform
Drive the Vehicle Anti-Lock
«extend» Barking
Passenger

Figure 6.1: Automotive driving UCD based on an initial example from [FMS14a)].

separates the vehicle as the system under development from the actors ‘Passenger’ and
‘Driver’ in the environment. Next, within the boundary, the UCD in Figure 6.1 specifies
several vehicle use cases. First, persons want to become vehicle occupants, which requires

130



6.1 USE CASE DIAGRAMS FOR STAKEHOLDER VALUE SPECIFICATION

them to ‘Enter the Vehicle’. As remaining in the vehicle is typically not the intended
final state of using a vehicle, the vehicle occupants also want to ‘Exit the Vehicle’.
To feel well accommodated, vehicle occupants also express the need to ‘Control the
Vehicle Accessory’ as a general use case that can, for example, concertize to ‘Control the
Climate Control’ and ‘Control the Entertainment System’. As the essential use case, a
particular type of ‘Vehicle Occupant’ called ‘Driver’ additionally desires to ‘Drive the
Vehicle’, which as a notable safety feature shall additionally allow to ‘Perform Anti-Lock
Braking’ during driving scenarios.

Even though the diagram in Figure 6.1 follows the graphical syntax definition from the
SysML standard [Obj19], this definition alone does not suffice to define the semantics of
the diagram. Following the semantics definition of [KRW22], an intuitive description of
the semantics of the diagram are possible depending on two different views: the closed
and open-world semantics. As both relationships rely on the same fundamental concepts
and only differ in the possible combinations of these concepts, this section introduces
these fundamental concepts first. In both semantic interpretations, each use case in the
diagram is executable if its preconditions are fulfilled. Moreover, executing a use case
in both semantic interpretations introduces a scenario. As an extension to the origi-
nal semantics definition, a system must execute these use cases in systems engineering.
Hence, a scenario consists of systems executing use cases. If a system executes a use
case in a scenario, then all use cases that extend the use case where the guard of the
extend relation and the precondition of the use case are satisfied must also be executed
by the executing system on the boundary in the scenario [KRW22]. This rule applies
to all recursive executed use cases in the scenario. If we suppose there is an extend
relationship from a use case to a use case of the scenario without a guard, the former
use case may be executed in the scenario, but its execution is not required [KRW22].
Following the same logic, the system must execute all included use cases in the use case
scenario and, recursively, all use cases this use case extends or includes. In the context
of the example use case, Figure 6.1 presents the vehicle executes the ‘Enter the Vehicle’
and the ‘Exit the vehicle’ use cases only in combination with the ‘Open the Door’ use
case. In contrast, the vehicle may or may not perform an ‘Anti-Lock Braking’ whenever
the vehicle executes the ‘Drive the Vehicle’ use case, as the extend relation between the
two use cases does not have a guard constraining the execution. In the scenarios, the
actors participating in an executed use case are represented by the actors explicitly and
implicitly associated with the use case [KRW22]. In this context, an actor is explicitly
associated with a use case if the use case diagram contains an association between the
actor and the use case [KRW22|. An actor is implicitly associated with a use case if the
use case diagram contains an association between the actor and another use case that
generalizes the use case [KRW22]. In the context of the use case diagram from Figure 6.1,
this means that, for example, only the driver may participate in the ‘Drive the vehicle’
use case, and not every ‘Vehicle Occupant’ such as the ‘Passenger’, whereas the ‘Driver’
may also participate in all use cases in which the ‘Vehicle Occupant’ may participate.
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Since the ‘Vehicle Occupant’ is an abstract actor, only concrete specializations of this
actor may participate in the scenarios instead of the actors. As a result, only a ‘Driver’
or a ‘Passenger’ may participate in the ‘Enter the Vehicle’ use case. Following the same
idea, each use case is replaceable by a use case that specializes the use case and has a
satisfied precondition [KRW22]. Thus, the specialization inherits the properties corre-
sponding to the extend relation of its generalization [KRW22]. Consequently, all actors
that participate in the specialization must be determined using the same determination
method. Furthermore, all use cases that must be recursively executed when executing the
specialization (because of the extend relations) must also be executed [KRW22|. Hence,
the ‘Driver’ and the ‘Passenger’, as specializations of the abstract ‘Vehicle Occupant’,
may participate in the ‘Control the Climate Control’ use case and the ‘Control of the
Entertainment System’ as they are specializations of the ‘Control the Vehicle Accessory’
use case. As the ‘Control the Vehicle Accessory’ is again abstract, this use case alone is
not executable as part of a scenario, only its specializations. When looking at the dif-
ference between closed-world and open-world semantics, the closed-world semantics of a
use case diagram only consists of scenarios of use case system pairs that relate to include
or extend relationships contained in the diagram. Therefore, use cases not modeled in
a use case diagram cannot be part of any scenario contained in the semantics of the
use case diagram [KRW22]. Consequently, entering the vehicle and driving the vehicle
would not be possible in the same scenario, as there is no connection between the ‘Enter
the vehicle’ and the ‘Drive the vehicle’ use case modeled in the diagram (cf. Figure 6.1.
In contrast, open-world semantics follows similar principles to the open-world semantics
for feature models defined in [DKMR19]. Within this open-world semantics definition,
different unrelated use cases a system executes are executable in the same scenario. In
other words, adding the merged scenarios contained in the closed-world semantics is also
part of the open-world semantics. Therefore, entering the vehicle and driving the vehicle
would become possible in the same scenario, even though there is no connection between
the ‘Enter the vehicle’ and the ‘Drive the vehicle’ (¢f. Figure 6.1). Furthermore, the
open-world semantics additionally allow the occurrence of systems executing use cases
that the use case diagram does not contain. For example, in our simple vehicle use case
diagram, the vehicle could close its doors and trunk or maintain its engine even though
the original diagram in Figure 6.1 does not contain these use cases. Therefore, assuming
a closed-world semantics implies that only the exact contents of the diagram are pos-
sible. In contrast, assuming open-world semantics implies that anything not explicitly
constrained is possible. In the context of vehicle specifications, both approaches have
advantages and disadvantages. Whereas the closed-world semantics has the advantage
that only use cases of the diagram may participate in the scenarios [KRW22], it has the
disadvantage that an underspecification that may leave room for later design decisions
is no longer possible. In late development stages, when the development of the UCDs is
nearly completed, this is often the expected behavior, as all intended functionalities are
already part of the model. In contrast, when models often change in early development
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stages [KRW22], adding model elements, such as use cases, is usually considered to refine
the model in these stages. Then, an open-world semantics might be better suited.

6.2 Semantic Foundations of Use Case Diagrams based
on [KRW22]

Based on the intuitive view of the semantics of the use case diagrams, this section in-
troduces the formal basics required to apply use case modeling for stakeholder value
specification in the automotive industry using CUBE. To this end, this section draws
on the previously published semantics definition form [KRW22] and extends this under-
standing with concepts for integrating systems into the stakeholder value specification.
As a basis, the definition made in this section orients on the graphical syntax the OMG
standardized in [Obj19], with the restrictions made in Table 6.1. Since tabular speci-
fication techniques for use case scenarios as [Coc01] or [Fow04] present as specification
methods prior to the UML definition are more related to operating principles for feature
definitions, chapter 7 revisits these forms of use case specification in this context, as the
method proposed in that usually focus on use case specifications.

Because use case diagrams are outside of the scope for which the OMG specified a
formal semantics in the form of the f{UML [Obj21], [KRW22] presents one of the few
semantic foundations for use case diagrams, which either rely on additional intermediate
languages or computation frameworks for semantics definition or instead focus on some
aspects of the diagram or its contained elements including use case behavior specification
within a single use case. Consequently, neither group of approaches is ideally suited as a
foundation for modeling stakeholder values in the system development processes of the
automotive industry. Falling in the first category of approaches that use additional in-
termediate frameworks or languages, [MDB14] aims at defining the semantics of use case
diagrams based on the common CSAL. In contrast to the purely mathematical definition
of the semantics of use case diagrams in [KRW22], the definition in [MDBI14] requires
the CSAL as an additional intermediate form for the semantics definition. Moreover,
the approach presented in [MDB14] does not differentiate between include and extend
relationships. In addition to this approach, [SB06] describes a method for translating use
case diagrams into a Z notation scheme. Also following a translation approach, [SKNC17]
transforms use case diagrams into Event-B [Abr10]. Even though this approach has its
strengths in defining systems as contexts, the approach does not consider generalization
and extension points, regardless of their relevance in defining stakeholder values. Falling
into the second category of approaches that only satisfy parts of the diagram or focus
on use case behaviors, [SLO3] presents another method for formalizing the behavior of
use cases. In contrast to the semantics [KRW22] defines, this approach primarily focuses
on formalizing a use cases pre- and post-conditions and not on defining the semantic
foundation of all elements in a use case diagram. Moreover, [Whi06] presents an ap-
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proach to specify the system behavior during a use case execution precisely. In contrast
to [KRW22], which focuses on the specification of the use case diagrams, this approach
primarily focuses on use case specifications and combines sequence and activity diagrams
to model use case executions. Even though this approach defines precise formal seman-
tics, the syntax and semantics of the diagrams are closer related to activity and sequence
diagrams than to use case diagrams. Hence, the semantics definition from [Whi06] better
suites the semantics of sequence diagrams presented in [HMO08, EFM'05] and activity
diagrams [MRR11a, KR18, Kau2l] than to the use case diagram semantics presented
in [KRW22]. In the same way, [ORCT15] formally defines the semantics of a use case
specification without focusing on the use case diagram and its relations between the
diagram elements.

Since more than these approaches are needed to build the semantic foundation for
modeling stakeholder values as use case diagrams, this section uses the semantic speci-
fication from [KRW22] as a basis and extends it with system boundaries to achieve all
required concepts in this thesis. To this end, this thesis draws on modeling use case
diagrams as relationships between actors, systems, and use cases as presented in sub-
section 6.1.1. From a semantic perspective, these relationships additionally depend on
the assignment state of variables required to evaluate the expressions in extend relation-
ships. As in [KRW22], this thesis assumes that all variables have a Boolean type, so a
straightforward generalization to variables of arbitrary finite types is possible.

6.2.1 Basis Notation: Actors, Use Cases, Variables, Boolean Expressions

As a framework of basic notations, this thesis relies on the basis notation [KRW22]
defines. Therefore, let in the following V' denote an infinite set of variables, & denote
an infinite set of use cases, S be an infinite set of systems, and A denote an infinite
set of actors where Y N A = (. Moreover, let B = {¢, f} denote the set of Boolean
values. Then, as in [KRW22|, val : V — B describes the variable assignment function,
which each variable to a Boolean value. Further, V™ represents the set of all variable
assignments and Expr denotes the set of all well-formed and finite Boolean expressions
over the variables V contains. Finally, eval : Expr x V7 — B defines a function that
maps each expression e € Expr to its truth value eval(e, v) under the variable assignment
v e V™ as in [KRW22].

6.2.2 Abstract Use Case Diagram Syntax Definition

Based on these basis notations, the following definitions lay the groundwork for the
mathematical definition of the abstract use case diagram syntax definition.

Definition 16 (Abstract Use Case Diagram Syntax). A use case diagram is a tuple d =
(U, S, A, Abs, Exc, R, Gy,Ga, E,G,Con) where
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U CU is a finite set of use cases,

S C S is a finite set of systems,

A C A is a finite set of actors,
e Abs CUU A is a set of abstract use cases and actors,

o Fxec CU x S are execution relationships to denote that a systems s € S executes
a use case u € U,

e R CU x A are associations between use cases and actors,

o Gy C U x U is a transitive, reflexive generalization relation over the set of use
cases U,

o G4 C Ax A is a transitive, reflexive generalization relation over the set of actors

A,
e FF C U x U is an extend relation between use cases,
e G CU xU is a guarded extend relation between use cases, and

e Con: GUU — Expr maps each guarded extend to its guard and each use case to
its precondition.

This definition extends the original concepts from [KRW22] and introduces systems as
the third concept of the diagram (that the SysML diagram definition models as system
boundaries). From an abstract viewpoint, a system executes the use cases within its
boundary. Consequently, the boundary models two concepts in the same place. First
is the system definition, and second is the use case definition. To extend the execution
relationship, use cases and systems as participants of this relationship are needed. Thus,
this thesis takes over the set U from [KRW22], which contains all use cases the diagram
models. Then, the set S introduces a new set that contains all systems modeled in the
diagram as boundaries. Similarly, as in [KRW22], the set A contains all actors, and the
set Abs contains all abstract use cases and actors the diagram considers. Next, Fxec is
a new concept this definition introduces, in contrast, to [KRW22], which the definition
requires to allocate use cases to the system that executes the use case. Asin [KRW22], the
remaining sets denote the following relationships: R contains the associations between
use cases and actors. Then, Gy is required as the use case generalization relation where
(u,v) € Gy denotes that a use case u is a specialization of a use case v, respectively that
the use case v generalizes the use case u as in [KRW22]. In the same way, the set G4
represents the actor generalization relation where (a,b) € G4 denotes that the actor a
is a specialization of the actor b, in other words that the actor b generalizes the actor
a [KRW22]. To express the extend relationships, the set E represents the extend relation
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Figure 6.2: A class diagram to define the abstract syntax of the use case diagram lan-
guage based on [KRW22].

between use cases where a tuple (u,v) € E represents that the use case u extends the
use case v. It is important to note that the extend relation E models is unguarded.
Whereas in contrast, the set G' contains the guarded extend relations between use cases
where (u,v) € G denotes that the use case u extends the use case v. Moreover, Con
represents another function, which maps each guarded extend e € G to its guard Con(e),
a Boolean expression [KRW22].

As [KRW22| explains, adding the set I for include relationships is possible but not
required, as a guarded extend e = (u,v) € G with Con(e) = t, i.e., an always satisfied
guard, can model each include association (v,u). As a result, whenever v is executed,
u must also be executed, which precisely defines the idea of an include relationship.
Therefore, this thesis also abstracts from this case to shorten the definition. Finally,
function C'on maps each use case u € U to its precondition Con(u). Even though this
concept is not yet required for stakeholder value specification, this concept becomes
handy for the operating principle specification in chapter 7 and is therefore also taken
over as a concept from [KRW22].

6.2.3 Mapping the Abstract Syntax to the Diagram Elements for
Stakeholder Value Models in SysML Use Case Diagrams

Based on the previously defined concrete syntax (cf. Table 6.1) and the abstract syntax
definition (cf. Def. 16), this section aims at combining both concepts in a unified under-
standing. To this end, Figure 6.2 depicts a class diagram defining the abstract syntax of
the use case diagram language based on the previous work published in [KRW22]. Apart
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from this influence, the diagram also refers to the UML definition of the abstract syntax
of use case diagrams [Obj17] to which the SysML [Obj19] also refers as source of inspi-
ration. As a result, the mapping reveals that the abstract syntax definition (cf. Def. 16)
corresponds to all elements defined in the reduced abstract syntax from Table 6.1 in-
cluding UseCase (U), Actor (A), Extend (F), Include E, and Generalization
(G4 for actor generalization and Gy for use case generalization) and further extends
these concepts with a Constraint that can extend use cases with preconditions that
Table 6.1 currently not requires but will be introduced later in the context of operating
principle definitions, and for expressions in extension points. Note that the set E realizes
both the extend and the include relations, as the include relation is a particular case of
an unguarded extend relationship as discussed in the context of Def. 16.

In contrast to the prior definition in [KRW22], this thesis additionally contains the
system boundary in its definition and, therefore, can no longer express this essential
aspect of the use case diagram. However, some aspects that use case diagrams for
stakeholder value definitions do not contain are still not contained in the definition this
thesis presents. Thus, for example, the abstract syntax still does not support associations
between actors and cardinalities on the association ends between use cases. Hence, the
shortcomings from [KRW22] concerning these aspects still apply to this thesis. However,
as these elements are optional in the presented method for using use case diagrams to
express stakeholder values, these shortcomings have a neglectable influence on the results
of this thesis.

6.2.4 Semantic Use Case Domain

As the abstract syntax introduces the system and its execution of a use case into the
diagram, an extended semantic domain definition is required. Consequently, the follow-
ing definition extends the semantic domain definition from [KRW22] and introduces the
system and the use case execution into the semantic domain.

Definition 17 (Semantic Use Case Diagram Domain). A scenario is a tuple (val, Use, Rel,
Exe) where

e val € V7 is a valid variable assignment,
o Use CU is a finite set of use cases, and
e Rel C Use x A is a finite set of links between use cases of the scenario and actors.

o Fxe C Use x S is a finite set of execution relations between the use cases of the
scenario and the execution of the system of these use cases in this scenario.

In conclusion of this definition, a scenario (val, Use, Rel, Exe) denotes that systems
execute the use cases contained in Use according to Exe in which the actors participate
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according to the relation Rel under the circumstances defined by the variable assignment
val as in [KRW22|. Therefore, a scenario contains a set of use cases Use but no dedicated
set of systems or actors because even tough use cases require a system to execute,
a system cannot exist in a scenario without executing a use case [KRW22]. In the
same way, a system may execute a use case without involving any actor. Hence, actors
cannot exist in scenarios without being linked with use cases [KRW22]. As a deviation
from [KRW22], Def. 17 additionally considers the execution relation Ezec to differentiate
between the systems executing a use case in a scenario.

6.2.5 Formalization of the Use Case Diagram Semantics

As for the semantic domain, the formalization of the semantics from [KRW22] is no longer
applicable after introducing systems into the use case definition. Hence, this section
extends the definitions from [KRW22] to include systems in formalizing the semantics.

Thus let d = (U, S, A, Abs, Exc, R,Gy,G a, E,G,Con) be an arbitrary but fixed use
case diagram according to Def. 16. Next, this section also relies on the auxiliary functions
from [KRW22]| defined as follows:

e For w € U this thesis defines the set of actors that are explicitly or implicitly
(via generalization) associated to u by Actg(u) = {a € A | Jv € U : (u,v) €
Gu A (v,a) € R} as in [KRW22].

e For V C U, this thesis defines the set of (explicit or implicit) associations between
the use cases in V and actors in A by Rg(V) = {(v,a) € V x A | a € Actq(v)} as
in [KRW22].

e This thesis writes Act instead of Acty and R instead of Ry if d is clear from the
context.

Even though this thesis not only requires actors but also systems to participate in a
system execution, the execution of a use case u € U under a variable assignment val €
V7 can still rely on the definition from [KRW22], as the execution of the use case
does not primarily depend on the associated actors and executing systems but on the
(transitive) execution of (include and) extend relations with the satisfied guards under
val, which is independent of the actors and systems that participate in the execution.
Therefore, as in [KRW22], the execution can abstract from the actors associated with
the use cases and the systems required from the execution, and all unguarded extends
between use cases.

Definition 18 (Use Case Execution [KRW22]). Let u € U be a use case, and let val €
V™ be a variable assignment. The execution of u in d under val is the smallest set
exec(u,val) satisfying the following rules:

1. If eval(Con(u),val) =t then u € exec(u,val).
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2. Ifw € exec(u,val) and (v,w) € G and eval(Con(v),val) =t and eval( Con((v, w)),
val) = t, then v € exec(u,val).

As the first rule states, if the precondition of the use case u is satisfied under the vari-
able assignment v, then the use case u is contained in the execution [KRW22]. Moreover,
whenever an execution includes a use case w, and another use case v extends this use
case w, then v is also included in the execution if the guards of the extend association
(v, w) and the precondition of v are satisfied under the assignment val [KRW22], as the
second rule states.

To determine the set of possible executions of a use case under the generalization rela-
tion of use cases and under the unguarded extend relation between use cases, [KRW22]
introduces the notion of a closure, which is also applicable in the context of the stake-
holder value definition this thesis considers. The intuition behind this closure is twofold.
First, it assumes that each generalized use case is replaceable by all specializations; sec-
ond, unguarded execute relations may (or may not) lead to the execution of the related
use case. Following the first intuitive description, the system executes the specialization
instead of the generalization when replacing the generalization with the specialization.
During this process, all use cases included in the specialization of the general use case
are required in the execution under the variable assignment [KRW22]. In the same way,
the execution of a use case associated via an unguarded extend relation also requires
including all use cases contained in the execution of this use case under the variable
assignment [KRW22]. As for the auxiliary functions, the closure is independent of the
actors and the executing systems.

Definition 19 (Use Case Closure [KRW22]). Let u € U be a use case, and let val € V7 be
a variable assignment. The closure of u in d under val is the smallest set closure(u,val)
satisfying the following rules:

1. If exec(u,val) # 0, then exec(u,val) € closure(u,val).

2. If C € closure(u,val) and w € C and (v,w) € Gy and eval(Con(v),val) = t, then
(C\ {w}) Uexec(v,val) € closure(u,val).

3. If C € closure(u,val) and w € C and (v,w) € E and eval(Con(v),val) = t, then
C U exec(v,val) € closure(u,val).

As described in [KRW22|, the first rule of the use case closure auxiliary function
expresses that the execution of the use case under the assignment is an element of the
closure if the execution is possible, as its precondition is satisfied. Next, the second rule
as in [KRW22] states that if (1) an execution C'is already in the closure, (2) the execution
also contains a use case w € C, (3) the use case v is a specialization of the use case w,
(4) and the precondition of the use case v is satisfied under the assignment val, then the
resulting execution from replacing w with v and adding the use cases contained in the
execution of v under val is also a valid execution that the closure must contain [KRW22].
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Before completing the formalization of the semantics, the notion of the scenario is
required to add the variable assignments, the systems executing the use cases, and the
actors involved in the execution into a relationship under this variable assignment. As
in[KRW22], if a use case v is a specialization of a use case w, then all actors associated
with w are also implicitly associated with v.

Definition 20 (Use Case Scenario Definition). Let uw € U be a use case and let val € V7
be a variable assignment. Then the smallest set scn(u,val) that satisfies the following
conditions defines the scenarios of of u in d under val:

1. If C € closure(u,val), then (val,C, R(C), Exec(C)) € scn(u,val).

2. If (val, Use, Rel, Exe) € scn(u,val) and (v,a) € Rel and (b,a) € Ga, then
(val, Use, (Rel \ {(v,a)}) U{(v,b)}, Exe) € scn(u,val).

As an extension of [KRW22], the first rule adds the related actors of the use cases in the
closure to the scenario and the related systems to the execution relation in the semantic
domain. Then, as in [KRW22], the second rule states that all actors are replaceable by
specializations of this actor.

Finally, the set of all scenarios of the use cases in the use case diagram under all
possible variable assignments where the scenarios neither contain abstract actors nor
abstract use cases defines the semantics of a use case diagram [KRW22].

Definition 21 (Use Case Diagram Semantics). [d] = {(val, Use, Rel, Exe) € scn(u,val)
| val e V7 Au € UAN Use CU \ Abs A Rel(Use) C A\ Abs} defines the semantics of the

use case diagram d.

With these definitions, this thesis provided the semantic groundwork for using use
case diagrams for stakeholder value specification. As [KRW22] additionally provides a
concrete textual syntax for use case diagrams, the following sections additionally present
this syntax and the required extensions for using system definitions in this syntax be-
fore the remainder of this section introduces extensions and methods for applying these
concepts in the context of automotive system development.

6.2.6 A Concrete Textual Syntax for Stakeholder Value Modeling

As this thesis does not only focus on the definition but also on the application of system
models in the automotive industry, this section additionally provides a concrete textual
syntax for the notation this thesis adds to [KRW22]. Therefore, this section summarizes
the usage of the concrete syntax from [KRW22] and provides the required grammar
extensions to introduce the required extensions based on a proposal from [Bla23], which
provided a concrete syntax for system boundaries in the context of use case scenario
specifications and chapter 7 revisits later for operating principle specification.
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The original prototype implementation from [KRW22] implemented the concrete tex-
tual syntax of the use case diagram language using the language workbench Monti-
Core [HKR21]. The resulting language is publicly available as a stable release in a GitHub
repository the MontiCore group provides (https://github.com/MontiCore/ucd)
and summarized in this section before the extension with system boundaries. For a more
detailed overview, the GitHub repository or [KRW22| provides additional insights. This
stable release guarantees that all extensions are conservative, which is not the case for
the extensions this thesis requires to define stakeholder values using use case diagrams.
Therefore, this thesis starts with the original language and uses MontiCore to extend
this language. The following listing provides an excerpt of the grammar.

1 grammar UCD { hﬂCG
2 // A use case diagram.

3 UseCaseDiagram = "usecasediagram" Name "{"

4 UCDElement

5 "3

6

7 // Elements contained in use case diagrams.

8 interface UCDElement;

9

10 // A use case.

11 symbol UCDUseCase implements UCDElement =

12 ["abstract"]? Name ("[" Expression "]")?

13 ("specializes" sup: (Name@UCDUseCase || ",")+)?
14 ("extend" (UCDExtend || ",")+ )?

15 ("include" incl: (Name@UCDUseCase || ",")+ )7
16 "y

17

18 // An extend or an include used in UCDUseCase.
19 UCDExtend =

20 Name@UCDUseCase ("[" Expression "]")?;

21

22 // An actor.

23 symbol UCDActor implements UCDElement =

24 ["abstract"]? "@" Name

25 ("specializes" sup: (Name@UCDActor || ",")+)?
26 ("-=" uc: (Name@QUCDUseCase || ",")+)?

27 "y

28 }

Listing 6.1: Original MontiCore grammar for use case diagrams from [KRW22].

This grammar implements the reduced abstract syntax that subsection 6.2.2 presents
and provides a textual notation for the graphical representation in Table 6.1 accord-
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ing to the MetaModel from Figure 6.2 as follows: The non-terminal UseCaseDiagram
defines the context of the use cases diagram and provides a name to refer to this di-
agram. Inside a use case diagram, the MCG defines the interface UCDElements, an
extendable interface for defining allowed elements within the diagram. To define the
name-giving element of the diagram, the interface implementation UCDUseCase defines
the non-terminal for the use case together with the allowed relationships. In the context
of the extend relation, the non-terminal UCDExtend provides a mechanism to define
expressions for the extend relationship. As for use cases, the non-terminal UCDActor
defines the actors and their relations within the diagram as another implementation of
the interface UCDElement.

Extending this existing implementation with systems and their boundaries as diagram
elements is possible using the exact mechanisms. First, a new grammar that extends the
original use case grammar is required to lay the groundwork. Then, a new implementa-
tion of the UCDElements in the context of this grammar becomes possible. Therefore,
the following grammar describes the required extensions based on a proposal for the
concrete textual syntax in [Bla23].

1 grammar StakeholderValueUCD extends UCD { MCG
2 // A the system (boundary).

3 symbol UCDSystem implements UCDElement =
4 "system" Name "{"

5 UCDSystemElement
6
7
8
9

"}";

// An element within the system boundary
UCDSystemElement =

10 (Name@UCDUseCase ";") | UCDUseCase;

11 }

Listing 6.2: Extenstion of the use cased diagram grammar based on a proposal of the
concrete textual syntax from [Bla23].

Since the graphical representation of the system (boundary) Table 6.1 presents is
twofold, the grammar provides two non-terminals that implement the system and its
boundary in the context of a use case diagram for stakeholder value specification.
First, the non-terminal UCDSystem defines the system and a scope in which use cases
can be executed in braces. To denote the executable use cases, the non-terminal
UCDSystemElement allows defining a list of use cases the system executes. Using this
extension, the following model in textual syntax would describe the running example
from Figure 6.1 as follows.

1 usecasediagram SimpleVehicle { UCD ‘
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2 abstract @VehicleOccupant —-

3 EnterTheVehicle,

4 ExitTheVehicle,

5 ControlTheVehicleAccessory;

6

7 @Passenger specializes VehicleOccupant;

8 @Driver specializes VehicleOccupant --

9 DriveTheVehicle;

10

11 system Vehicle {

12 EnterTheVehicle include OpenTheDoor;

13 ExitTheVehicle include OpenTheDoor;

14

15 abstract ControlTheVehicleAccessory;

16 ControlTheClimateControl specializes
ControlTheVehicleAccessory;

17 ControlTheEntertainmentSystem specializes
ControlTheVehicleAccessory;

18

19 PerformAntilLockBarking extend DriveTheVehicle;

20 }

21 }

Listing 6.3: An example use case diagram representing the example from Figure 6.1 in
textual notation.

Since the non-terminal Name from the MontiCore library does not allow spaces, all
spaces are replaced using a camel case. If this is required in concrete projects, alternative
notations could be quickly introduced using the MontiCores extension mechanism to
allow alternative names or representations that allow spaces e.g., by writing brackets
around names.

6.3 Feature-Driven Use Case Development

Although the previously presented concepts depend on the applied modeling method-
ology, some extensions can simplify the application in the context of CUBE. Since the
stakeholder elicitation serves as a foundation for deriving a set of features, which is an
essential aspect of the feature-driven development in CUBE [GKS™21], the derivation of
features must also reflect in the application of use case diagrams for stakeholder value
elicitation.

As a running example from the automotive industry, Figure 6.3 presents a diagram
from the Delta project, which contains most of the concepts for which this section pro-
vides an extension as a part of a feature-driven use case development method for stake-
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ucb
Vehicle
adapt the
current speed «actor»
_\to traffic signs Traffic Sign
-
-
-
. 427 cextend»
drive highly-
«actor»
automated on Highway
highways
S
7
AN\ T «include» ,”
Driver \,’\ operation shall be operation shall be
/ possible between-20°C \_- _ _ ___ possible on snowy
¢ and +50°C environment «extend» highways
P temperature
Drive Piloted on the \ «include»
Regulation Highway [Highway
/\ Pilot (HWP)] Se-aa
«include»~~> ™

development shall be «actor»

compliant to 15026262 Environment
1S026262
weight shall be less or
equal to 3.5t
Legislation

Figure 6.3: A stakeholder value use case diagram modeling the stakeholder value of a
Highway Pilot Feature developed in the Delta project.
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holder value elicitation.

To derive the features in CUBE, independent of the stakeholder value elicitation
method, the systems engineers designing the system must select the features strategi-
cally to align with the stakeholder needs and requirements. Hence, the systems engineers
must address all functional stakeholder values by expressing them in the feature. In the
example diagram in Figure 6.3, this is expressed by the ‘Drive Piloted on the Highway
[Highway Pilot (HWP)]” use case, which describes a feature the vehicle provides to ad-
dress most of the use cases in the diagram. By grouping the use cases into features, the
method ensures a focused approach in the subsequent development phases, streamlining
efforts toward the implementation of functionalities that directly contribute to satisfy-
ing stakeholder expectations and increasing reusability. As the use case that reflects
the stakeholder value and the system feature that addresses this function are split, the
identical use cases can be grouped differently in different systems, which increases the
reusability of the individual use cases and, therefore, increases the modeling efficiency
of the involved systems engineers.

On the other hand, even though the formulation within this thesis suggests that all
features are functional, systems also offer other characteristics, such as attributes that
do not provide functionality to an actor [WRF*15]. In the considered running example
in Figure 6.3, this can be seen at the ‘weight shall be less or equal to 3.5 t’ use case,
which does not precisely describe functionality that the system provides, but rather a
constraint for the system under development. Applied to use case diagrams that spec-
ify the stakeholder value, this means that the set of derived features must realize and
address all stakeholder values that address system functionalities and respect other sys-
tem characteristics that are not necessarily realized by system behaviors. Consequently,
the system must provide features, among other means, to implement all use cases that
represent the functional stakeholder values.

6.3.1 Formulating System Functionalities in Use Case Notation

Since a feature is an independent end-to-end functionality of the system that benefits at
least one stakeholder (c¢f. Def. 7), and use cases in this method typically express these
needs, a feature must address one or multiple use cases. Because this thesis focuses
on technical features, which are characterized by the fact that they define functional
aspects of the system, a trace (directly or indirectly) between every use case and at
least one feature must exist. Accordingly, a feature includes the use cases it realizes.
By this, the execution of the feature implies addressing the stakeholder values expressed
in the system’s use cases. As the feature is an essential aspect of the system, all use
cases and the feature must be executed by the same system or its subsystem. Moreover,
for a successful system design specification, all system use cases must be traceable to
system features. As stated before in the running example of this section, Figure 6.3
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presents, the use case ‘Drive Piloted on the Highway [Highway Pilot (HWP)]’ expresses
the considered feature. Note that the ‘[Highway Pilot (HWP)]’ denotes a marketing
name of the functionality, as also used in the SPECTRE DSL for natural language
requirements (cf. section 5.3).

6.3.2 Formulating other System Characteristics in Use Case Notation

As a diagram primarily for behavior modeling [Obj19] (c¢f. Figure 2.4), most use cases
a use case diagram contains typically address the functional characteristics of a system.
According to the stakeholder definition in Def. 9, stakeholders not only request function-
alities, but also characteristics concerning the system performance, specific qualities, or
constraints [Gli07]. Therefore, this thesis additionally introduces a particular form of
use cases, the boundary condition use case, to model characteristics as use case bubbles
in stakeholder value models, although later abstraction levels might not realize these use
cases as behaviors.

Definition 22 (Boundary Condition Use Case). A boundary condition use case describes
performance concerns, specific qualities, or constraints to the solution space, the system
development project, or the required system development process raised by the associated
actors.

In the example from Figure 6.3, the use cases ‘operation shall be possible between
—20°C and +50°C' environment temperature’, ‘operation shall be possible on snowy
highways’, ‘development shall be compliant to ISO26262’, or ‘weight shall be less or
equal to 3.5t’ represent use cases of this form. Moreover, connected actors indicate an
involvement of the actor in the fulfillment of the boundary condition, as for example in
the case of the ISO26262, which sets the boundaries for the development of safe systems,
or the legislation which formulates the weight limits in the example in Figure 6.3.

6.3.3 Refining Associations Based on the Role of the Actor

As, for example, stated in [Coc01], or [Fow04], actors can have different roles when partic-
ipating in use cases. Consequently, the literature on use case modeling most commonly
divides actors into two categories: primary and secondary. The primary actor, often
called simply called actor, describes an actor that gets a value from the use case [Fow04]
or interacts with the system to achieve its goal [CocOl]. In contrast to this primary
actor, [Coc01] defines the secondary actor as an external actor who provides a service to
the system under development.

In automotive system development, these definitions bear several significant issues
and risks when applying these concepts. Regarding different automotive examples for
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Table 6.2: Further UCD elements to aid in a feature definition based on stakeholder
values according to feature-driven CUBE methodology.
Actor type H Expects UC ‘ Involved in UC execution

Primary X X
Secondary - X
Tertiary X -
Unintended - -

the primary actors, neither definition seems applicable in these cases. First and fore-
most, regarding the definition from [Fow04], it is evident that not all stakeholders of
automotive systems inherently benefit from the system. For example, the environment,
or bystanders of a vehicle with combustion engines, are typically (negatively) influenced
by the noise and toxic emissions of combustion engines. Moreover, regarding the defi-
nition from [Fow04], they are also not necessarily interacting with the system or aware
that it interacts with the system. In the same example, the environment in general and
the bystander in particular experience a negative influence by the combustion engine;
however, they have no influence on the emissions. Consequently, the channel between
the combustion engine and the environment is unidirectional. Regarding the secondary
actor, not all actors involved in the execution of automotive systems inherently provide
services for the system. A traffic sign, for example, participates in a traffic sign execution
and might provide valuable information for a traffic sign recognition system; retrieving
this information from the sign, however, is a task for the system itself in most concurrent
traffic signs that are painted to the sign. Hence, the traffic sign only participates inac-
tively in executing a traffic sign recognition use case. Even further from this definition,
a regulatory entity might require the system to address a specific use case even though
it is not involved in the system’s execution nor influenced by the system execution.

To better reflect this aspect, this thesis uses a different definition of roles in which
actors interact with the system, based on whether the actor expects the use case and
its active involvement in the use case execution, which results in the matrix Table 6.2
reflects. Depending on whether or not the actor expects a use case or is involved in its
execution, an actor can be a primary, secondary, tertiary, or unintended actor for this
specific use case. A primary actor is defined as follows.

Definition 23 (Primary Actor). A primary actor is actively involved in the use case and
expects the system to execute it.

Because of this involvement and expectation, it represents the same role as [Coc01]

and [Fow04] intend in most cases when primary actors are specified. In the context of
the example in Figure 6.1 and Figure 6.3, the ‘Driver’ is a primary actor, for example,
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in the ‘Drive the Vehicle’ use case in Figure 6.1.

In contrast to this definition of the primary actor, the secondary actor does not expect
the system to execute the use case but is somehow involved in its execution, as the
following definition states.

Definition 24 (Secondary Actor). A secondary actor is involved in executing the use case
but does not expect the system to execute this particular use case to satisfy its needs.

The previously mentioned traffic signs, or bystanders fall into this category, as both
actors (which are also stakeholders in this case) are affected and therefore involved
in the execution of the use case but do not have any expectations on the system to
have this use cases, but might constraint the system in executing the system e.q., by
reducing unwanted influences. In the example that Figure 6.3 presents, the ‘Traffic sign’,
‘Highway’, and ‘Environment’ participate in all related use cases as secondary actors.

The ‘Regulation’ in this example, however, represents another type of actor, which
expects the system to execute a use case but does not participate in its execution, as the
following definition of the tertiary actor reflects.

Definition 25 (Tertiary Actor). A tertiary actor is not involved in the execution of the
use case but expects the system to achieve a particular use case.

Consequently, the ‘IS0O26262" and the ‘Legislation’ from the diagram in Figure 6.3
participate as tertiary actors in all associated use cases. When thinking of other examples
of this kind of actor, not only regulatory entities but also service providers, owners, or
other kinds of shareholders often expect characteristics of the vehicle even though they
are not involved in the execution of the use case. For instance, the owner of a large fleet
of rental vehicles is typically not involved in maintaining the vehicle. However, use cases
that reduce the maintenance cost of all vehicles in the fleet are most beneficial for the
owner, as it reduces the operation cost of the vehicles in the fleet.

Finally, the combination of not expecting the system to execute a specific use case
and an explicit non-involvement requirement is sometimes required for system specifica-
tion. Although it seems counterintuitive at first sight, this kind of use case with hostile
intend [Ale03] has its place in systems engineering as the so-called misuse case [SO01a,
SO01b]. This use case plays a vital role during the elicitation of security requirements
[SO05], as a systems engineer concerned with the security of the system is often more
interested in what the system shall not do when encountering an unintended actor or mis-
actor [SO01a] than what it should do when everything is working as expected. Therefore,
this fourth type of actor is defined as an unwanted or unintended actor as follows.

Definition 26 (Unintended Actor). An unintended actor may explicitly neither participate
in the use case execution nor be able to expect a system’s functionality.
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A criminal as an unwanted stakeholder of the system might, for example, want to
steal the vehicle, for which the vehicle should provide countermeasures such as door
locks that prevent the criminal from opening the door or an alarm system that informs
the environment from a potential risk that a criminal is currently stealing the vehicle
might be required as a countermeasure. To address these cases, [SO01la] proposes this
kind of actor and introduces the misuse case and several additional relations to regular
use cases to model these cases. Integrating all these concepts into the semantic definition
goes beyond the scope of stakeholder value elicitation. This aspect is just mentioned for
the actor, as it became relevant in evaluating the method in the context of the Zeta
industry project. However, an implementation that addresses these conditions in the
context of the semantic domain remains for future works.

As the application of these concepts in the Gamma, Epsilon, Delta, and Zeta projects
showed, some additional best practices for how to relate use cases with actors are helpful
when designing automotive systems. First and foremost, all actors used should be known
on the currently shown decomposition level. Therefore, all actors a system engineer
associates with a use case should be part of the system environment. Suppose the actor
is, for example, a subsystem of the system under consideration (or part of another system
in the environment). In that case, this might indicate that the currently considered use
case should not be modeled on the current decomposition level and delegated to a later
development phase. Next, when multiple modelers work on the same model, different
modelers often use synonyms for the same actor. For example, the vehicle occupant
and the passenger might be used differently as synonyms in different models. As a risk
mitigation method, it is beneficial to define the actors with an informal description in
a shared model library, which aids the modelers in choosing the right actors. Finally,
when graphically modeling use case diagrams, placing primary actors above or left of
the system boundary and the use case and secondary, tertiary, and unintended actors to
the right or below the diagram is sometimes beneficial. By this, when a reader reads the
diagram from the top left to the bottom right, first the primary actors, then the system
that executes the use case, and then all secondary, tertiary, and unintended actors are
read in the same order as a natural language sentence would formulate these concepts
(cf. subsection 6.4.1). Though sticky figures, bubbles, and rectangles seem intuitive at
first glance, some inexperienced readers are sometimes alienated by the idea that sticky
figures also represent non-human actors. For that reason, the SysML standard [Obj19]
introduced the rectangle notation (c¢f. Table 6.1) as an alternative representation for
actors. Hence, it can be a good practice to represent non-human actors in rectangle
notation and human actors as sticky figures when communicating with stakeholders
unfamiliar with use case diagrams.
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6.3.4 A Refined Use Case Syntax

Based on these observations, Table 6.3 extends the basic concepts for use case modeling
from Table 6.1 to integrate the additional concepts required for a feature-driven use case
development as part of a stakeholder value elicitation.

Table 6.3: Further UCD elements to aid in a feature definition based on stakeholder
values according to feature-driven CUBE methodology.
Element | Notation Description
Name

Obligatory Diagram Elements

A feature is an independent end-
to-end functionality of the system
that benefits at least one stake-

Feature «feature» holder and addresses one or mul-
Use Feature tiple use cases. Every use case
Case must be traceable (directly or in-
directly) to features via include re-
lationships.
Optional Diagram Elements
A boundary condition use case de-
Boundary «boundary scribes performance concerns, spe-
Condi- condition» cific qualities, or constraints to the
tion Condition solution space raised by the associ-
ated actors.
According to [SO05], a misuse case
represents a sequence of actions, in-
) cluding variants, that a system per-
Misuse «.mlsuse» forms when interacting with unin-
Case Misuse Case tended actors of the systems and

causing harm to some stakehold-
ers if the sequence executes without
prevention.
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Table 6.3: Further UCD elements to aid in a feature definition based on stakeholder
values according to feature-driven CUBE methodology.

A primary actor association indi-
cates that the actor is actively in-

Primar .

Act y volved in the use case and expects
ctor

A . the system to execute the use case.
ssocia- i . . .

i Primary Actor “primary» Since primary actors are the typical
ion

unlabeled use cases, they are typi-
cally primary actor associations.

A secondary actor association in-

iz(;;n- fiicates that the actor is involved
Actor % in executing the use case but does
Associa- «secondary» no‘t expgct the system to e?cecu.te
tion Secondary Actor this particular use case to satisfy its

need.

A tertiary actor association indi-
Tertiary in-

cates that the actor is not
Actor volved in executing the use case
Associa- «tertiary» but expects the system to achieve
tion Tertiary Actor a certain use case functionality or

boundary condition.

A misuse association indicates that

Misuse the actor associated with the use
Associa- case explicitly may not participate
. «misuse» . .

tion Unintemded Actor in the use case execution nor expect

the system’s functionality.

Even though the extensions made in Table 6.3 influence the syntax of the use case
diagrams created using this method, the changes have a neglectable influence on the
semantics. Since a feature use case is a valid use case on its own, even without the
stereotype, introducing this stereotype is a semantics-preserving syntax extension from
a process perspective with no influence on the semantics of the diagram. Although
introducing a stereotype «boundary use cases» greatly stretches the notion of execution
in the semantic definition, the interpretation of the result is retained in the semantic
domain. Since a system exhibits these characteristics within its life cycle when it is
used and these characteristics are associated with the external actor that appears here
as a stakeholder, the meaning of the result, that the actor executes the use case under
a given relation, is retained in the semantic domain, since the underspecification of the
relation delegates the concrete interaction to a later phase of the system development.
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Figure 6.4: An extended version of the diagram from Figure 6.3 that integrates the syntax
extensions from Table 6.3 into the diagram.
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Hence, this extension also preserves semantics. The same argumentation also holds true
for introducing the primary, secondary, and tertiary actor associations between use cases
and actors, which further specify the relation kind. Therefore, introducing the primary,
secondary, and tertiary actor is a refinement of the semantics definition in section 6.2.
Finally, the misuse association is an inverted relation. Thus, in closed-world semantics,
this relation must be removed prior to the semantic analysis, whereas in open-world
semantics, this relation must be actively removed from the semantic domain. Hence,
introducing this association has a minor impact on the definition of semantics. As this
case only represents a corner case in the models this thesis primarily considers, this
aspect remains for further analysis in future works.

6.3.5 Feature Driven Use Case Development of a Simple Vehicle

Vehicle
Enter the e _ _ «ncude» __ _ _ _ _ _ _ _ «feature» .
] Vehicle ] «include» Load/UnI.oad |
«include» | the Vehicle |
«abstract» - N |
Vehicle Occupant __ =\ Open the Door | |
—
-
— 7 «include» | «feature» :
Exitthe Vehicle J& — — — — — — — — — — — — — ] I«;Ehﬁe»_ Air-Condition |
the Vehicle |
|
Control the ———— A «actor»
Climate Control «secondary» | Environment
A/ «feature» |
— = Entertain |
| «include» |
<]\ passengers
~ Control the | |
Entertainment J<— — — - |
Driver System |
«feature»
Drive the — P — _!
Vehicle < " ——————— ransport Persons/™— ~
«include» and Goods «include»
-
-
-
—~ " «extend»
. «feature»
PerformAnti- \ . Lok
Lock Baraking «include» Antl-L.oc
_ Braking
™ eindlud ——="
\(Tc ude» «boundary condition» — ﬁnclude» «tertiary»
L N N maintain brake performance, as
long as the brake is fully applied "
for the duration of any stop «tertiary» Legislation
(UNECE No 78)
Passenger

Figure 6.5: Automotive driving use case diagrams based on an initial example
from [FMS14a].
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Having the extensions Table 6.3 provides, the stakeholder values model from Figure 6.1
serves as an input to derive the vehicle features. To this end, Figure 6.5 introduces an
example set of five features into the stakeholder value specification that addresses all
stakeholder needs in the initial diagram in Figure 6.1. As a further extension of the
initial diagram, this extended diagram also includes the environment as an influence on
the climate control use case. It adds the UNECE No. 78 [fEUNEC04] as a regulatory
entity with to example need. First, the vehicle may execute an anti-lock braking use
case, and second, the vehicle maintains the brake performance as long as the brake is
fully applied for the duration of any stop, which is stated as a requirement within the
regulation. The five features Figure 6.5 presents describe the following functionalities:

1.

154

The ‘Load/Unload the Vehicle’ feature serves to combine all functionalities the
vehicle requires to enable vehicle occupants and their goods to enter and exit the
vehicle. As the semantics definition from subsection 6.2.5 states, all use cases that
are related to this use case via include or extend relations are included in the
feature as well, thus ‘Open Door’ is included as well.

. The ‘Air-Condition the Vehicle’ feature addresses all functionalities concerned with

the vehicle’s air conditioning. Thus, the use case ‘Control Climate Control’, which
is a specialization of the ‘Control the Vehicle Accessory’ use case, is included in
this feature.

. The ‘Entertain passengers’ feature aims to address all use cases related to passenger

entertainment. Consequently, the ‘Control Entertainment System’ as a specializa-
tion of the ‘Control the Vehicle Accessory’ use case is naturally part of the execution
of this feature and, therefore, included in this feature. Note that two different fea-
tures with seemingly unrelated implementations realize the abstract ‘Control the
Vehicle Accessory’ use case in this example, which should demonstrate that the
semantics and the inheritance of use cases defined in this thesis have no impact on
the behavior specification. Since the semantic domain of use cases, associated ac-
tors, and executing systems is independent of the use case behavior specification,
which chapter 7 defines later, use cases with completely different behaviors can
specialize the same use case, as long as the associated actors and systems remain
the same.

. The ‘Transport Persons and Goods’ represents a typical transportation task many

vehicles execute. Naturally, this feature includes the ‘Drive the Vehicle’ use case
and the ‘Load/Unload the Vehicle’ use case. This feature should demonstrate that
features may include other features to reduce the overall specification effort by
enabling the systems engineers to model feature decomposition and reuse.

. The ‘Anti-Lock Braking’ feature includes the ‘Perform Anti-Lock Braking’ as well

as the ‘maintain brake performance’ boundary condition and is legally required for
some vehicles on the European market according to UNECE No 78 [fEUNEC04] as
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an extension of the ‘Drive Vehicle’ use case. With this feature split, the example
should demonstrate three main aspects of feature relationships. First, the feature
also (under some underspecified conditions) implies the execution of the ‘Drive
the Vehicle’ and, therefore, the ‘Transport Persons and Goods’ feature, as the use
case ‘Perform Anti-Lock Braking’ is unguarded extend relation and therefore this
feature and all included features are part of the closure according to the definition
in Def. 19. Second, tertiary actors might explicitly require the implementation of a
feature. Third, features can also include boundary conditions, and it can be a good
practice to explicitly connect features to other use cases that would nevertheless
be in the closure to make relationships explicit for inexperienced readers.

Apart from the representation in Figure 6.5, it might also be a good practice to split
the specification of stakeholder values later to feature specific diagrams, as it is easy to
imagine that a single use case diagram for a massive system as a vehicle is no longer
understandable for a human reader. Although large use case diagrams are often not
published in scientific papers because of the limited available space, [JGST20] presents
an example of a comparably large use case diagram that specifies the stakeholder value
of a VTOL system, which becomes more accessible to read in the follow-up publication
in [JGW™21] where the authors split the original diagram to feature specific diagrams
before defining feature specific operating principles according to the CUBE methodology.

As the next step of the system design, the systems engineers continue the stakeholder
value elicitation on the next decomposition level. For this example, this section consid-
ers the refinement of the ‘Enter the Vehicle’ and the ‘Exit the Vehicle’ use case that the
structure system, which contains all the vehicle’s structural elements, addresses. Fig-
ure 6.6 describes the diagram on this decomposition level. Because the use cases on this
decomposition layer partly follow from the operating principle specification, this section
only presents the use case diagram, whereas subsection 7.2.2 the derivation of the use
cases from the operating principles.
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Figure 6.6: A stakeholder value use case diagram for the structure system on the next
decomposition level.
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6.4 Applying Use Case Diagrams and Generated Requirements
in Automotive Systems Engineering Development Projects

In the process of evaluating the application of the methods presented in this chap-
ter in the automotive industry, this section presents some insights from the Epsilon,
Delta, and Zeta projects and relates them with the publicly available VTOL models
from [JGST20] on the application of stakeholder values modeling. Because previous
related works already demonstrated the applicability of use case diagrams for stake-
holder value specification in general [Rum94, ACD'01, Arl98, KG12], and several auto-
motive [MHGKO03, OM04, HGBS15] and CUBE specific applications demonstrated the
applicability in particular [JGST20, GKS*21, JGW*21], whereas the majority of the
automotive industry still relies on natural language requirements [LTK19], this section
takes up the follow-up questions from subsection 5.5.2 and aims to answer how well the
models from these projects can hold up compared to textual requirements. For better
comparability, subsection 6.4.1 provides a generation method to generate natural lan-
guage requirements from use case diagrams and modeling guidelines for modeling use
case diagrams as stakeholder value models that lead to (grammatically) correct system
requirements. To evaluate the correctness of the generated requirements subsection 6.4.2
provides an evaluation scheme that requirements engineers could use to rate the correct-
ness of the generated natural language requirements. As the Delta and the Zeta projects,
as well as the VTOL model from [JGS'20] only developed a use case diagram for the
stakeholder value and no natural language requirement specification, the evaluation of
these projects focuses on the correctness rating of the resulting requirement and the
possibility to correct the requirement by adapting the model for the next generation
cycle. subsection 6.4.3 presents the results of this evaluation. Because the Epsilon
project started with legacy requirements and additionally provided a model-based spec-
ification, the generated requirements this section additionally compares the generated
requirements with the original requirements to determine the completeness of the derived
requirements.

For the evaluation, this section draws on the evaluation results from [Zab23], and
extends them with evaluations for the additional rules in section D.1.

6.4.1 Generating High-Level Requirements from Feature Use Cases

Since most of the automotive industry still relies on natural language requirements [LTK19],
many stakeholders are more used to reading system models as natural language require-
ments. Consequently, it might be beneficial to provide some elementary concepts or
even all model elements in the form of natural language requirements to stakeholders
in addition to the model for reviewing purposes for these stakeholders. In addition to
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this application, generating requirements from use case diagrams increases their compa-
rability to legacy requirements. To this end, a master thesis [Zab23] developed a set of
transformation rules and guidelines for modeling the respecting use case diagrams and
applied them to the results from the Epsilon, Delta, and Zeta projects as well as the
VTOL model published in [JGST20], which this thesis extends with additional transfor-
mation rules and application insights. In addition to the theoretical concepts, the thesis
developed a tool extension for the SysML modeling tool Enterprise Architect [Spa2l]
that all considered projects used, simplifying the application for the involved system
modelers and reviewing requirements experts.

Because the stakeholder requirements a stakeholder value model represents a crucial
backbone of the system development, as these requirements decide whether the right
system for the right stakeholder is designed, the thesis in [Zab23] implemented 13 tem-
plates for almost all concepts and extensions Table 6.1, which this thesis extend with
additional templates in Table D.1 to additionally address the concepts Table 6.3 pro-
vides. For this transformation, a set of transformation rules insert the respective fields of

ucb

<System>

<Actor>

[ The <System> ] [ shall ] [ provide the <Actor> with the ability to] [ <Use Case> ]

Figure 6.7: A straightforward transformation that inserts the names of the use case di-
agram element in the corresponding fields of the SPECTRE template (cf.
Figure 5.1).

the the SPECTRE template (cf. Figure 5.1) according to the basic intuition Figure 6.7
for a simple case. As the application reveals, this straightforward approach is only suc-
cessful in combination with some modeling guidelines that aim to ensure a generation
of grammatically correct sentences. For example, the transformation returns the fol-
lowing requirement when inserting the use case diagram from the automobile example

from [FMS14b].

Example 11 (Generated SPECTRE Requirement from the Operate Vehicle UCD
in [FMS14b]). The Vehicle shall provide the Vehicle Occupant with the ability to Enter
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Vehicle.

Although this requirement is conceptually correct, an article is required to render
the requirement grammatically correct. Therefore, the diagram in Figure 6.1 already
contains many (but not all) required adaptions to formulate and generate grammatically
correct requirements, such as the following requirement.

Example 12 (Corrected SPECTRE Requirement based on the Operate Vehicle UCD
in [FMS14b]). The Vehicle shall provide the Vehicle Occupant with the ability to Enter
the Vehicle.

Consequently, additional modeling guidelines are required to return correct natural
language requirements. Because the names of the requirements do not influence the se-
mantic domain, this adaption is possible without changing the semantics of the diagram.
For the currently presented intuition, Figure 6.8 presents an example of such a guide-

<System> uco
<Process verb>
+[details on verb or object]

+<object>
+[details on object]>

Object Details

Process Verb

[ The <System> ] [ shall ] [ <Process verb> ] [ <Process verb> ][ +<object> ][+[details on object]]

Figure 6.8: A modeling guideline to assure grammatically correct sentences in the SPEC-
TRE template (cf. Figure 5.1).

line. As more detailed overview of the transformation rules section D.1 presents the full
set of transformations this thesis applied during the evaluation. Moreover, Figure 6.9
provides another example based on the diagram in Figure 6.4 displaying the generated
requirements together with the diagram elements. As the example in Figure 6.9 with a
few use cases already indicates, it is often not good practice to display requirements and
use cases in the same diagram, as examples from industrial applications with more use
cases are otherwise no longer legible.
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6.4 APPLYING USE CASE DIAGRAMS AND GENERATED REQUIREMENTS IN
AUTOMOTIVE SYSTEMS ENGINEERING DEVELOPMENT PROJECTS

6.4.2 An Evaluation Scheme for Generated Natural Language Requirements

To rate the generated requirements according to their syntactical and semantic correct-
ness, this thesis relies on the rating scheme [BBK*22b, BBK*22a] presents. Table 6.4
shows the requirements ratings and shows example requirements from the evaluated
project leading to this rating. In this context, a syntactical issue of a requirement is,
for example, a misspelling or a small grammatical problem like a missing comma. Ad-
ditionally, semantically incomplete or wrong requirements include but are not limited
to requirements with logical problems, unclear or ambiguous use of verbs, or missing or
wrong conditions. Since errors in capitalization often resulted from the duality of using
the statements as names and as sentence parts, the reviewers were instructed not to
include them in their assessment of grammatical correctness, even though they would
constitute a grammatical error on closer inspection. A limitation of this evaluation sys-
tem is its lack of ordination, which means that requirements in class 2 are not necessarily
better than the requirements of class 3 or class 4 [BBK122b]. Nevertheless, the findings
from the evaluation suggest that, in many cases, a lower class requires less effort to
correct a requirement.

6.4.3 Correctness Evaluation of Generated Stakeholder Value Requirements
in Model-Based Projects

As a measure of the applicability of the presented method, this section presents the
results of the correctness evaluation of the requirements engineers performed based on
the evaluation scheme Table 6.4 presents. To perform this evaluation, the transformation
rules from subsection 6.4.1 were applied to the use case diagrams in the Zeta, Delta,
VTOL, and Epsilon projects, before a group requirements engineers at FEV.io reviewed
the generation result and mutually agreed on a rating of the requirements according to
the rating scheme Table 6.4 presents.

Figure 6.10 presents the results of the evaluation, of which [Zab23] already presented
the evaluation results from Figure 6.10a, Figure 6.10b, and Figure 6.10c, whereas the
evaluation in Figure 6.10d is newly added in this thesis. The first finding that becomes
evident in Figure 6.10 is the fact that although the rating scheme in Table 6.4 contains
six classes for the requirements, the diagrams only consist of four classes of errors, which
results from the nature of the generated requirements. As the performed classification
predominantly revealed spelling errors and grammatical problems for which the evaluat-
ing requirements for which the evaluating requirements engineers agreed on classifying
them in class 2 (or class 4). Because the class 4 evaluation was only present 12 times
in all requirements evaluated in this section, subsection 7.3.2 and subsection 8.3.2, the
evaluating requirements engineers agreed on reclassifying them in class 2. The second
finding is that the four evaluated stakeholder value requirements seem not to follow a
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Table 6.4: Requirement rating scheme based on the evaluation scheme use in [BBK*22b,

BBK™22a].
Class \ Description Example ‘ Explanation

1 Correct The vehicle shall drive | No correction is re-

piloted on the highway. | quired.

2 Syntactically Incorrect | The vehicle shall drive | Spelling mistake in ‘Pi-

piloded on the Highway. | loded’.

3 Semantically Incom- | The vehicle shall pro- | The kind of informa-
plete vide the driver with the | tion is not specified in

ability to get informa- | the requirement, render-
tion. ing it semantically in-
complete.

4 Semantically Incom- | The wvehicle shall pro- | The requirement con-
plete and Syntactically | vide the passenger with | tains a spelling mistake
Incorrect the ability to get infro- | in ‘infromation’ and has

mation. the same incomplete-
ness as the requirement
before.

5 Major Syntactical Prob- | The functions of the | Does not conform the
lems system are classified as | guideline for require-

safety relevant in with | ment formulation Fig-
respect to ISO 26262. ure 5.1 defines.

6 Semantically Incorrect The vehicle shall pro- | The requirement speci-

vide the criminal with
the ability to steel the
vehicle.

fies the misuse case as
intended behavior in-
stead of the use case
and uses ‘steel’ instead
of ‘steal’.
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43; 9%

323; 64%

(a) Project Zeta: Total 505 generated re-
quirements.

8; 8%_\ 2;2%

93; 90%

(¢) Project VTOL: Total 103 gener-
ated requirements.
= No changes necessary

= Semantically incomplete

12, 13%1

49; 53%

(b) Project Delta: Total 92 generated
requirements.

1; 2%

33; 66%

(d) Project Epsilon: Total 50 generated re-
quirements.

m Small syntactic changes necessary

m Semantically wrong

Figure 6.10: Correctness evaluation results of the stakeholder value requirements gener-
ated in the Zeta, Delta, VITOL, and Epsilon projects.
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clear project-independent trend, as, for instance, in the VT'OL project, almost all re-
quirements were generated correctly, whereas in the Delta project all generated require-
ments were erroneous. To further investigate whether there is a project-independent or
project-specific trend within the error reason, the requirement experts further developed
a correction for each erroneous requirement (i.e., all requirements that were not in class
1 in the original evaluation), which they used to identify a reason for the error based
on the part of the requirement that needed a correction. If a requirement requires more
than one correction, the requirements engineers classify them according to the correction
that fixes the highest requirement rating according to Table 6.4.

The results of this further error classification in Figure 6.11 reveal that, although the
project distribution is different, the evaluating requirements engineers uncovered similar
errors in all considered projects. In the Zeta project, as Figure 6.11a reveals, improper
actor relationships, such as secondary and tertiary actors that were connected as primary
actors, or missing and wrongfully connected actors form the biggest group of error reasons
that lead to the generation of an erroneous requirement in the ‘Improper Actor Relation’
class. The next most significant error reason class ‘Perspective’ consists of requirements
that result from use cases where the modeler used the wrong perspective to formulate
the requirement i.e., the requirement formulated what the system does and not which
value the system has for the connected actor. For example, many use cases describe
information that the system sends, signals, or displays for the user instead of the ability
of the user to access or see the information. Though the models in the projects were
carefully reviewed, the generation of natural language requirements revealed that some
requirements still contained errors in grammar or spelling (in the ‘Grammar/Spelling’
class) that were sometimes only revealed in the generated requirement. For example,
errors in the sentence structure were more easily uncovered in complete sentences than
in the sentence fragments the use case names provided, such that sentence fragments
that seemed correct in the use case led to incorrect stakeholder requirements in natural
language formulation. Moreover, the generated requirements contained some semanti-
cally wrong requirements that described the opposite of the intended behavior (in the
‘Misuse Case ’ class). For example, the requirement that the vehicle shall provide the
Criminal with the ability to steal the vehicle instead of the requirement that the vehicle
shall hinder the Criminal from stealing the vehicle. All of these requirements were caused
by not labeling misuse cases as such in the stakeholder value model. The next smaller
class, ‘Information Missing in UC’, consists of requirements where the modelers forgot
to specify essential information in the use case e.g., which information the maintenance
personnel should access during maintenance. Finally, the project consisted of a unique
error class, ‘Variability,” that was not present in the other projects, which consists of
errors resulting from wrongly including variability information into the requirement e.g.,
by writing ‘Optional’ before the use case.

In the Delta project, as Figure 6.11b presents, most requirements were erroneous as
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Variability; 11;
6%

Grammar/Spelling; 32; 18%

Information
Missing in UC;
10; 5%
Grammar/Spelling; 49; 80%
Misuse Case;
14; 8%
a) Project Zeta: Total 182 erroneous requirements. (b) Project Delta: Total 61 erro-
neous requirements.
Grammar/Spelling; 1; 6% /,,,,Information
e T o= Missing in
Perspective; 1; (E% uc 2;12%
Secondary
actor; 2; 12%
Tertiary actor;
11; 64%
(d) Project Epsilon: Total 17 erroneous re-
¢) Project VTOL: Total 10 erroneous quirements.
requirements.

Figure 6.11: Results of the error reason classification in the Zeta, Delta, and Epsilon
projects.
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they contained a grammatical error in the process verb. For example, the use case dia-
gram contained use cases such as ‘Activating function A’ which resulted in requirements
of the form “The vehicle shall ‘provide the driver with the ability to activating function
A” instead of the correct “The vehicle shall ‘provide the driver with the ability to acti-
vate function A”. These erroneous requirements result from a conflicting guideline in the
context of use case scenario modeling as [MSG™'22] presents, requesting the modelers
to use the present progressive instead of the gerund in use case formulations. There-
fore, most of the requirements in the project are in the ‘Grammar/Spelling’ class. Since
some of the requirements additionally connected a secondary actor as a primary actor,
the ‘Secondary Actor’ class summarizes these requirements, which is a subclass of the
‘ITmproper Actor Relation’ class in Figure 6.11a.

As Figure 6.11c depicts, using secondary as primary actors (in the ‘Secondary Actor’
class) and grammar or spelling mistakes (in the ‘Grammar/Spelling’ class) are respon-
sible for most errors in the VITOL project. The remaining errors in the project equally
distribute between the wrong use of perspective to formulate use cases (in the ‘Perspec-
tive’ class) and not labeling misuse cases as such (in the ‘Misuse Case’ class).

Finally, Figure 6.11d depicts the error reason classification of the requirements in the
Epsilon project. As in the Zeta project (cf. Figure 6.11a), improper actor relationships
cause most of the errors in the generated requirements. As the number of requirements
in the ‘Tertiary Actor’ class shows, most of these errors in the Epsilon project result from
using tertiary actors as primary actors. The remaining requirements with improper actor
relationships result from secondary actors used as primary actors (in the ‘Secondary
Actor’ class). The remaining errors result from information missing in the use case,
grammar and spelling errors, and perspective errors in the use case diagram.

In conclusion, the manual classification of the generated requirements according to
the rating scheme in Table 6.4 reveals that the derivation of stakeholder requirements in
natural language based on use case diagrams is not only possible but also primarily cor-
rect (cf. Figure 6.10) when following the guidelines from subsection 6.4.1. Moreover, the
analysis of the error reasons (cf. Figure 6.11) for the erroneously generated requirements
enabled the reviewing requirements engineers to correct the errors their predecessors that
modeled and reviewed the use case diagrams overlooked. Consequently, generating and
reviewing natural language requirements for use case diagrams during a model review
might assist inexperienced modelers in reviewing and improving their stakeholder value
models. As the evaluation of the error reasons in Figure 6.11 revealed, an adaption of
the use case diagram was sufficient to fix all errors in the generated natural language
requirements. Therefore, the generation method from subsection 6.4.1 and the transfor-
mation rules from section D.1 are sufficient to model correct stakeholder requirements
as use case diagrams in comparable projects in the automotive industry.
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6.4.4 Completeness Evaluation of Generated Stakeholder Value
Requirements in Model-Based Projects compared to a
Document-Based Specification

Because the evaluation subsection 6.4.3 presents is only suited to demonstrate that use
case diagrams are capable of providing correct stakeholder requirements in natural lan-
guage but not sufficient to demonstrate that a complete set of natural language require-
ments is derivable, this section compares the generated requirements from the use case
models in the Epsilon project with the document-based legacy requirements the project
reworked.

Because of the nature of the Epsilon project, two limitations of the results concerning
the stakeholder value requirements require consideration to enable a meaningful evalu-
ation of the completeness of the results. The first limitation of the available project is
that the missing traceability to the stakeholders, their needs, and the value of the legacy
requirements is one of the main reasons the customer contracted the project teams to
apply a model-based systems engineering methodology to rework the specification. As a
second limitation, the project team had the task to focus on the requirements concerning
the functional characteristics of the system, as the customer considered a lack of function-
ality requirements as the second weakness of the document-based legacy requirements.
In contrast, the customer considered the present project, process, performance, specific
quality requirements, and constraints sufficient to retain natural language requirements
orthogonal to the model. As a result, the project team had no obligation to model
most boundary condition use cases during the project. Therefore, these requirements
must be included in the initial generation of the natural language requirements. Con-
sequently, this section explicitly compares the available stakeholder value requirements
with the number of additionally generated stakeholder value requirements to highlight
the additionally generated requirements or put them into perspective if modeling these
connections does not realize an additional benefit to mitigate the first limitation. Re-
garding the second limitation, [Zab23] reworked the missing boundary condition use
cases based on the document-based legacy requirements to evaluate whether the genera-
tion method from subsection 6.4.1 and the transformation rules from section D.1 suffice
to express these legacy requirements.

To evaluate the completeness of the generated requirements, the same requirements
engineers that conducted the correctness evaluation in subsection 6.4.3 mapped the gen-
erated requirements to the legacy requirements and the legacy requirements to the gen-
erated requirements. Then, they evaluated whether the different requirements specify
the same system functionality or characteristic.

Figure 6.12a and Figure 6.12b depict the results of this mapping, of which all ad-
dressed requirements specified the same functionality or characteristic. These numbers
reveal that the other requirement set covers only a fraction of the requirements. As
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Address a legacy
. requirement; 3; 6%

New requirement; 47;

Addressed legacy
. requirement; 3; 11%

Unaddressed legacy
requirement; 24; 89%

94%

(b) Evaluation how many of the 27
legacy requirements in the Epsilon
project are addressed by one of the
50 generated requirements.

(a) Evaluation how many of the 50
generated requirements in the Ep-
silon project address one of the 27

legacy requirements.
Function; 2;
7%

Boundary
Condition; 25;
93%

(c) Ratio of legacy requirements to be modeled as functional and as boundary condition use
cases: Total 50 requirements.

Figure 6.12: Results of the completeness evaluation comparing the model-based stake-
holder value specification from the Epsilon projects with the document-
based legacy requirements the project used as input.
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Function; 50;
67%

Figure 6.13: Number of functionality and boundary condition use cases in the reworked
use case model: Total 75 requirements.

Figure 6.12c depicts, this is caused by the fact that the Epsilon project only modeled
one boundary condition use case, whereas the legacy requirements contained almost only
boundary condition use cases, as the analysis reveals. To mitigate this effect, a student
reworked the original use case model in the context of his thesis [Zab23] to create a
reworked use case model. As Figure 6.13 presents, the resulting model consists of 75 re-
quirements that not only address the boundary conditions the stakeholders formulate as
needs but also the functionalities these stakeholders require. Using this model, a correct
set of stakeholder requirements (applying the corrections according to Figure 6.11d) is
generable, that correctly addresses all requirements the legacy stakeholder requirement
specification document contained. Therefore, after extensively reworking the model, a
complete generation of the legacy stakeholder requirements was possible. Moreover, the
additionally modeled functionalities the stakeholders require contribute to the customer’s
goal of achieving a better traceability of her requirements.

Because of the limited number of available projects, the limited comparability of the
generated functional requirements, and the required rework of the input models due to
neglecting the boundary conditions, this section’s completeness evaluation is not rep-
resentative of the automotive industry. Nevertheless, the results demonstrate that the
presented method is applicable in the considered project to create a complete set of
stakeholder value requirements that is at least as good (and here even better in terms
of the number of stakeholder requirements the model makes explicit) than the legacy
stakeholder requirements document. Because this thesis also publishes the generation
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method and evaluation scheme so that other researchers may also aim to reproduce or
contradict these results in similar projects, a better result might be achievable in other
works in the future.

6.4.5 An Experiment to Measure the Effort Required to Maintain Use Case
Diagrams next to Natural Language Requirements Manually

Because several stakeholders in the Zeta, Delta, and Epsilon projects suggested mod-
eling use case diagrams and manually maintaining natural language requirements that
describe the contents of the diagram as a feasible and easy-to-implement option, this sec-
tion presents an experiment that aims at indicating the hidden costs and efforts behind
this approach. The experiment was designed and conducted in the context of [Zab23|
and demonstrated the time required to generate, review, and correct the requirements
through automatic and manual approaches. This experiment investigates whether au-
tomatically generating requirements from use case diagrams increases the efficiency of
system development processes by decreasing the time required to extract the require-
ments from the diagram, review the results, and correct them in the next step.

The experiment consists of three steps. In the first step, a test person with experience
in systems engineering is asked to derive the requirements the diagram in Figure 6.14
specifies, having the transformation rules from section D.1. The test person will be asked
to review the requirements in the next step. Then, the next step includes correcting the
requirements, and ultimately, in the final step of the experiment, the model test person
adapts the model such that the transformation yields the result. The required time is
measured for each step, and the number of errors is counted.

When conducted at FEV.io in the context of [Zab23], this experiment revealed that
the three participants that participated in the experiment took about 30 minutes to
derive the requirements, between 20 seconds and 1 minute at an average of about 40
seconds per requirement to review the requirements, and about the same time per error
to correct the errors in the textual requirements, and again 20 seconds to a minute on
an average of about 45 seconds to correct them in the the model. When using these
measurements as parameters (cf. Table 6.5) for extrapolating the times required for the
models in the Zeta, CUBE, VTOL, and Epsilon projects result is a saving of 49,12%
on average in all projects as Table 6.6 reveals. Therefore, the requirements generation
reduces the overall effort to almost half of the required efforts for maintaining the same
requirement in two representations, which also matches the general intuition that doing
a task once instead of twice should be faster.

The flaws in the experiment and its example application are the size of the case study
(one diagram), the limited number of participants during the experiment, and the need
for more data about other requirement elicitation methods. Moreover, the extrapolation
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Figure 6.14: The example diagram for which requirement experts should derive textual

requirements.

Table 6.5: Experimentally determined parameters for calculating the process times for
automated and manual creation of textual stakeholder value requirements

from use case diagrams.

Parameter ‘ Value

Required time manual [s/req] 69.23
Required Time automated [s/req] 1.00
Average review time [s/req] 40.00
Average correction time model [s] 45.00
Average correction time requirement [s| | 40.00
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Table 6.6: Estimation of required times to manually/automatically derive stakeholder
value requirements, their review, correction, and regeneration and re-review
for generated requirements.

Project Zeta Delta | VTOL | Epsilon|| Average
#Requirements 505 92 103 50 188
#FErroneous Requirements 182 61 10 17 68
Time for automated derivation [h] 0.140 | 0.026 | 0.029 | 0.014 0.052
Time for manual derivation [h] 9.712 | 1.769 | 1.981 | 0.962 3.606
Review Time [h] 5.611 | 1.022 | 1.144 | 0.556 2.083
Time for model correction [h] 2275 | 0.763 | 0.125 | 0.213 0.844

Time for requirement correction [h] 2.022 | 0.678 | 0.111 | 0.189 0.75
Time for requirement regeneration || 0.051 0.017 | 0.003 | 0.005 0.019
[b]

Time for re-review [h] 2.022 | 0.679 | 0.111 | 0.189 0.75

Total process manual [h] 19.620 | 4.232 | 3.361 | 1.919 7.283
Totel process automated [h] 10.099 | 2.505 | 1.412 | 0.976 3.748
Required time for generation [%)] 51.47% | 59.20% | 42.01% | 50.85% || 51.46%
Savings [%] [ 48.53%[ 40.80% [ 57.99% [ 49.15%[| 49.12%

neglects the additional efforts required in both projects, such as project coordination,
alignment between the different involved reviewers, and the fact that the engineers are
probably less efficient when working on hundreds instead of 26 requirements. Further-
more, these results do not reflect on the necessity of having natural language requirements
following SysML models at all, as the results from subsection 6.4.4 indicate that use case
diagrams alone can already sufficiently specify the stakeholder value in the considered
project using the methods and extensions this thesis presents. However, the experiment
demonstrates that the minimum time required to generate the requirements and main-
tain only one instead of two redundant places is much smaller than manually maintaining
both views. Moreover, extrapolating these times to the projects reflects a general trend
and might aid other systems engineers in planning their projects.

6.5 Interim Conclusion and Discussion

In conclusion, this chapter answers RQ-3.2 (“How can stakeholder values be formu-
lated?”) by providing the required SysML model elements in Table 6.1 and Table 6.3.

Moreover, this chapter introduces the method and the semantic foundations to model
system stakeholders, their needs, and values using SysML use case diagrams as the
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foundation to answer RQ-4.1 (“Can operating principles be derived from use case scenario
specifications?”) in chapter 7. To this end, section 6.2 provides the semantic foundations
for the UCD elements in Table 6.1 and extends the previous work in [KRW22] with the
system boundary as a new element. Of course, more than this semantic foundation is
required to derive operating principles. Therefore, chapter 7 revisits this concept and
combines it with the concept of the use case specifications [Coc01, Fow04].

Additionally, subsection 6.4.3 and subsection 6.4.4 apply use case diagrams to replace
natural language requirements as a means of expressing stakeholder requirements in
document-based development projects to address RQ-4.4 (“Are the models that result
from a model-driven specification comparable to document-based specifications?”). Al-
though the number of available projects was limited, especially for the evaluation of the
completeness of the derived requirements, the numbers reveal that a generation of com-
parable natural language requirements from the use case diagram is possible using the
methods and guidelines from subsection 6.4.1. Therefore, in the considered projects, the
stakeholder value models could completely replace natural language requirements with-
out sacrificing crucial information. Because of the threats to validity subsection 6.4.3 and
subsection 6.4.4 already mentioned, the results cannot represent the complete automo-
tive industry. Therefore, future works might aim to reproduce or disprove this chapter’s
results.

Finally, regarding the fulfillment of the methodical requirements from section 3.3, sev-
eral aspects contribute to the fulfillment of the methodical requirements. Concerning
MR-1 (“Specification models created using the method must be reusable to realize re-
duced time-to-market constraints”), CUBE relies on solution-neutral stakeholder values
for the elicitation of stakeholder requirements. Therefore, all use cases and actors are
reusable in different contexts if the same stakeholders with the exact needs interact with
a system. Moreover, with a broad system boundary definition, the system boundary and
even system features might be applicable in a different context, making the complete
diagram reusable for other development projects. Regarding MR-2 (“Specifications must
be adaptable to specific markets or vehicle projects”), this thesis groups the use cases
into system features applicable in different contexts and configurations. Although this
chapter does not integrate mechanisms to formulate dynamic architectures with different
possible feature configurations as, for example, in [GJK*21], the idea of feature-driven
development that is integrated into CUBE [GKS™21, Gra22] enables systems engineers
to provide different individual functionalities that are configurable in different contexts.
By providing a semantic foundation for use case modeling, this chapter creates a con-
sistent specification by establishing a joint and semantically sound understanding of the
diagram, as required by MR-3 (“Specification models must be consistent”). In addition
to this, it might also be beneficial to integrate additional measures for consistency check-
ing into the modeling project e.g., by implementing additional consistency checks after
combining different use case diagrams in a system model or by implementing semantic
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differencing to make system models or versions comparable [KRW22]. Concerning MR-4
(“Specification models must be bidirectionally traceable”), the methods rely on different
connections that allow the modeler to follow traces from actors to features and back us-
ing the connectors and associations Table 6.1 and Table 6.3 provide. Finally, section 6.3
addresses MR-5 (“Creating specification models must be possible without redundant
manual modeling tasks”) by enabling the systems engineers to implement multiple use
cases in the same feature. Future works can also integrate package and import structures
into the concrete syntax for use case diagrams Listing 6.2 to further increase the reuse
of use cases in different features and stakeholder value models.
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Chapter 7

Specifying System Behaviors and
Functionalities Based on Operating
Principles

Although each SysML behavior diagram, apart from the UCD, is well suited to describe
the operating principle of a feature [GKS™21], this chapter focuses on describing oper-
ating principles as activity diagrams. This is not only due to the fact most applications
of CUBE [KRGK18, GKS*21, JGW*21, MSG 22| apply activity diagrams for this pur-
pose, but also due to the usage in the industry projects Zeta, Delta, and Epsilon to
which this chapter refers for the application of the presented methods.

As the activity diagram describes the possible order of action the system executes
during an activity or process [AT01, St605, Esh06, Kau2l], this diagram is an excel-
lent match of the operating principle description, because as the activity diagram the
operating principle that consists of actions that a system requires to execute to im-
plement the feature. Because not only concrete syntax definitions for activity diagram
exists [Obj17, Obj19], but also several semantics definitions are available in the litera-
ture [Obj21, GRR10, MRR11b, MRR11a, KR18, Kau21], this chapter solely focuses on
the modeling aspect to model operating principles, without defining any further exten-
sions to the various semantic interpretations that are available in the literature on this
diagram. In connecting the execution of actions with the use cases in the stakeholder
value models, this chapter additionally refers to methods for use case specifications
[Fow04, Coc01] to bridge the gap between those concepts.

To this end, this chapter is structured as follows. section 7.1 presents a method to
model operating principles as activity diagrams by providing the required diagram ele-
ments and concepts for which it also demonstrates the applicability in the context of this
thesis’ application example (c¢f. section 4.2). Then, section 7.2 connects these concepts
with use case diagrams by introducing an extended template for use case specifications.
Finally, section 7.3 presents insights from applying these concepts in the automotive
industry.

175
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7.1 Modeling Operating Principles as Activity Diagrams

In CUBE operating principles serve to describe the sequence of actions that a system
design must provide to implement a feature (cf. subsection 3.2.4). Activity diagrams
designed to model action sequences are suitable for modeling this execution. There-
fore, the diagram provides several concepts that support a systems engineer in designing
the operating principles of the system’s features. First, activity diagrams provide ac-
tivities expressing a dynamic behavior in a particular order of actions [AT01], which
correspond to the features a system provides. Next, the activity models the actions
and their execution sequence, for which the diagram provides actions and control flows,
which correspond to the operating principles in the CUBE. Finally, activity diagrams
express object flows within the diagram and activity parameters, which express the in-
puts and outputs the activity requires during its execution. Having these concepts, the
systems engineers that use activity diagrams for operating principle specification may
lay the foundations for defining the interfaces in the logical architecture by assigning the
actions to their executing elements in the logical architecture from which the required
and provided interfaces follow.

7.1.1 Diagram Elements to Model Operating Principles as Activity
Diagrams

To systematically express operating principles with activity diagrams, Table 7.1 presents
a subset of the SysML specification [Obj19] tailored to the application in the context
of the operating principle specification. With this definition, this section provides the
required elements in the SysML and therefore contributes to answering RQ-3.3 (“How
to model operating principles?”).

Table 7.1: AD elements required to describe the operating principles according to the
CUBE methodology.
Element | Notation Description
Name

Obligatory Diagram Elements
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Table 7.1: AD elements required to describe the operating principles according to the

CUBE methodology.

Action

callBehavior:
Activity I‘I‘I

Actions represent individual
(atomic) steps within an activity.
Thus, an activity describes a
behavior composed of individual
elements, such as actions. A call
behavior action (on the right side)
is a special action that invokes
a behavior diagram of another
activity.

Initial

Initial

An initial node represents the start-
ing point for the behavior execution
of an activity. Although the SysML
standard [Obj19] allows both mul-
tiple or no initial nodes, having ex-
actly one initial node in the dia-
gram is a good practice.

Control
Flow

A control flow determines the order
in which the activity executes its el-
ements. According to the SysML
standard [Obj19], control flows are
either solid or dotted lines consis-
tently used in the diagram.

Final

Final

As soon as a control flow reaches
the final node, the activity termi-
nates the execution. Tough the
SysML standard allows both mul-
tiple or no final nodes, having ex-
actly one final node in the diagram
is a good practice.

Optional Diagram Elements

Activity

Activity

Activity

OO

Activities express their behavior in
a particular order of actions. Ac-
tivity diagrams do not consist of ac-
tivities but of actions but may con-
tain the activity they describe as a
boundary.
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OPERATING PRINCIPLES

Table 7.1: AD elements required to describe the operating principles according to the

CUBE methodology.

Activity
Parame-
ter

Activity

activityParameter: Type

Activities can have parameters that
describe the inputs the actions re-
quire and the outputs the actions
create during the execution of the
activity.

apOut: Type
apln: Type

Object
Flow

i

object: Type

)

Object flows describe objects that
actions can exchange during their
execution. Object nodes
rectangle-shaped and serve to de-
fine exchanged objects within an
activity. Pins are object nodes used
to specify inputs and outputs for
actions [Objl7]. The pin symbol
(on the top action) is a square at
the outside edge of the action.

are

[guard]

Decision

Decision

[else]

Decision nodes are control nodes
that accept one or two incoming
(control or object) flows and se-
lect one outgoing flow with a ful-
filled condition. An outgoing edge
of a decision node may have a guard
written as [condition]{constraint}.

Merge
Merge

|

Merge nodes are control nodes that
combine multiple incoming flows
into a single outgoing flow. All on-
going and outgoing flows must ei-
ther be object or control flows.

/

Fork

Fork

Fork nodes split one incoming flow
into multiple flows to realize a form
of parallelism using this particular
form of a control node.
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Table 7.1: AD elements required to describe the operating principles according to the
CUBE methodology.

Join nodes are control nodes to join
Join multiple incoming flows into one
outgoing flow. By default, the join
node requires all incoming flows to

) arrive before the flow proceeds with
= the outgoing flow. A join specifi-
cation written as {joinspec = con-
straint} may serve to change this
behavior definition.

/

Join

{joinspec = ...}

The actions entering the node ter-
minate as soon as the control flow
reaches the flow final node. How-
ever, the remaining control flow in
the activity continues.

Flow Fi-

nal FlowFinal

An interruptable activity region is
a region within an activity diagram
pmmm e —mmm oo ' in which the execution of the ac-

i inrerruptflow | tions in the region ends as soon as
/,% an interrupt flow is taken outside
1 the region. If no interrupt flow is
R T T ! triggered and a regular flow leaves
the region, the execution will con-
tinue regularly.

Interrupt-
able
Activity
Region

The send signal action is a special
action that transmits a signal in-

Send stance to all target objects [Obj17].
Signal SendSignal > This target object can either be an
Action accept event that triggers the exe-

cution of an activity or a trigger in
a State Machine transition.
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Table 7.1: AD elements required to describe the operating principles according to the
CUBE methodology.

An accept event action is an ac-
tion that waits for an event such
as a send signal action [Objl7].
If the accept event action has no
incoming flows, the action starts
whenever the containing activity or
Accept .

region starts. Moreover, an ac-
Event AcceptEvent . . . .

cept event action without incoming

Action flows remains enabled after it ac-
cepts an event [Obj17]. It only ter-
minates together with the starting
activity or region. In contrast, an
accept event action with incoming
flow behaves like a regular action.

Accept The Accept Time Event Action is a

Time % specialization of the Accept Event

Event Action that waits for the occur-

Action AcceptEventTimer rence of time events.

Though activities are the name-giving elements of the diagram; the actions, which
describe the steps within an activity, are the primary and obligatory elements of the
diagram. Actions are either atomic steps within an activity or call action behaviors, a
special form of actions invoking the diagram of another activity. When executing the
diagram, the initial and final nodes determine the first diagram element for the execu-
tion and the final diagram element, which terminates the activity after its execution.
Although the SysML standard [Obj19] allows multiple or no initial and final nodes in
a diagram, having one initial and one final node is a good practice. As readers tend to
read from the top left of a diagram to the bottom right, placing the initial node near the
top left corner of the diagram and the final node near the bottom right corner is good
practice. Since these nodes do not specify the execution order, the control flow deter-
mines the order in which the activity executes its elements. According to the SysML,
standard [Obj19] and its underlying activity diagram of the UML standard [Obj17], mul-
tiple incoming and outgoing fork and join nodes are allowed as implicit merge and fork,
which this thesis does not follow. Therefore, only one incoming and outgoing control
flow is allowed (if not specified otherwise). To specify these control flows further, systems
engineers applying the presented method may explicitly use the Decision, Merge, Fork,
and Join node as Table 7.1 describes to formulate the control flow between the activity
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diagram elements.

Apart from these elements that all operating principles require, the systems engineers
that model the operating principles may use additional elements to express further con-
cepts. Hence, an activity element may make the activity this diagram considers explicit
as a boundary. Moreover, this activity may contain one or more activity parameters to
define the inputs it requires and the output it produces. Object flows may be used to
describe the exchanged objects, effectively connecting these parameters with the actions
and expressing the internal processing of objects within the activity’s actions. To this
end, the SysML standard provides rectangle-shaped object nodes to define objects flow-
ing within an activity between the actions of the activity. As a particular form of object
nodes, pins may serve to specify inputs and outputs for actions. The Pin symbol is a
square attached to the action block’s outside flow. Moreover, this thesis restricts itself
to using action pins for object flows to avoid confusing inexperienced diagram readers
during the industrial application of the concepts. Furthermore, the author of this thesis
refrains from using implicit control flows of object flows as defined in the SysML stan-
dard [Obj19] for the same reason. Moreover, as an additional guideline, all methods
this thesis presents require that each object be provided only once with the same object,
name, and type and that each pin that receives this object as input has the same name
and type. Finally, Table 7.1 presents three specializations of actions a systems engineer
may use to express asynchronous communication using the method this thesis presents.
On the one side of the channel, a send signal action creates a signal instance, on which
all accept event actions and triggers in STMs that currently wait for this signal to react.
As a specific form of this behavior, an accepted time event action reacts to all defined
time events independent of another external trigger apart from the progression of time.

7.1.2 Diagram Elements to Allocating Actions to their Executing Logical
Element

Because the systems engineers that apply the CUBE methodology not only use oper-
ating principles to express the sequence of actions that must be executed but also the
elements of the system under consideration that are responsible for executing these ac-
tions Table 7.2, provides additional optional diagram elements to realize this allocation.

Table 7.2: AD elements required to allocate actions to the logical element responsible
for the execution according to the CUBE methodology.
Element | Notation Description
Name

Optional Diagram Elements
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Table 7.2: AD elements required to allocate actions to the logical element responsible
for the execution according to the CUBE methodology.

Allocate partitions (or swim lanes)
Al «allocate» name: allocate behaviors based on respon-
Pa;?c(iz—ate ExecutinglogicalElement sibilities. The diagrarr} 'element e)f—
. presses that the partition’s classi-
tion fier executes all elements inside the
partition.
Allocate - _> Allocate relationships are another
Rela- form of expressing an allocation of
tionship «allocate» behaviors based on responsibilities.
A (logical) system is a SysML block
that represents the system. To al-
(Logical) «block» ¥ocat‘e an element erm the activ-
System System ity diagram elements in Table 7.1 to
this system, systems engineers may
use the Allocate Relationship that
points at the system block.

Although Table 7.2 provides Allocate Partitions alongside the Allocate Relationship
and the (Logical) System, it is a good practice to consistently only use one allocation
type in a diagram. As an orientation, the application in the projects chapter 4 showed
that small diagrams are often easier to model using allocate partitions, as the struc-
ture supports the modeler in structuring the actions according to the executing system,
larger diagrams, or diagrams with complicated interactions between the actors may often
benefit from using allocate relationships for the allocation, as the Allocate Partition no
longer constrains the diagram layout. Moreover, it also increases the reusability of the
operating principle in the context of a different system with other elements to completely
separate the activity diagram from the allocation and to specify the operating principle
and its execution in the context of the system in a separate development artifact such
as an allocation matrix, as e.g., [JGW™21] suggests.

Though these diagram elements are optional, allocating all actions to logical elements
responsible for the execution is required to apply the CUBE methodology successfully.

7.1.3 An Example Operating Principle of a Transportation Task

As an essential part of the system design, according to CUBE, is the definition of an
operating principle for all features defined in the stakeholder needs specification. As it
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Figure 7.1: Operating principles for the 'Transport Person and Goods’ feature and the
"Drive Vehicle’ use case from Figure 6.1.

is the essential value the vehicle offers to its users, this section models the ‘Transport
Persons and Goods’ feature considering all its related use cases in the context of the
running example section 4.2, which is also used as an example in [GKM™25]. While
some applications of CUBE would start with the analysis of which action the system
requires from scratch [GKS'21, JGW™21] only considering the use cases the feature
includes, this thesis implements an alternative method in which all included use cases
must be addressed on all possible paths of the operating principle, and extend use cases
on at least one possible path (under the condition the extension point and the constraint
specify). As the stakeholder needs model is an underspecification, a system modeler
might add further actions that do not correspond to a use case in the model during this
process.

Figure 7.1a provides the operating principle of the ‘Transport Persons and Goods’
feature. To this end, the diagram contains the activity ‘Transport Persons and Goods’,
which has the parameters person and energy as input and person as output. All param-
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eters are typed according to the functional modeling paradigm (cf. section 2.3). As the
initial node indicates, the activity starts with the call behavior action ‘Enter the Vehi-
cle’, which calls the behavior of the corresponding use case and accepts the person that
the feature operating principle accepts as input. Then, the ‘Drive the Vehicle’ action
describes the behavior executed while driving the vehicle using the energy the activity
requires. After a drive, it must be decided whether the vehicle reached its destination
using a decision node. If this is the case, the occupants ‘Exit the Vehicle’ and provide
the person as the output of the feature again. By this, the diagram models the intuitive
flow of actions required to transport people as [GKM™25] presents: To transport people,
first, a person must enter the vehicle. Then, the vehicle must drive (or be driven to)
the desired destination of the passengers, at which the vehicle must enable all occupants
to exit the vehicle. Regarding the systems responsible for executing these actions, the
diagram displays that the ‘Structure’ system is responsible for executing the ‘Enter the
Vehicle’ and the ‘Exit the Vehicle’ actions. Hence, the systems engineers who model
this system can be made responsible for modeling the operating principles and features
of this action. As an identification of the system responsible for the execution of the
‘Drive the Vehicle’ action is not possible, a further model for this operating principle is
required.

Consequently, Figure 7.1b depicts the model of this use case. The diagram describes
the activity 'Drive the Vehicle’ based on the example published in [GKM™25]. In this
operating principle, a driver (that can be either human or machine) must be informed
about the environment and the vehicle’s driving state in the first step. As the driver
as an external entity is not part of the 'Drive Vehicle’ feature, the model does not rep-
resent the steps required to make a driving input decision. To this end, activity the
diagram considers provides the resulting steering inputs in the form of a ’Steering Com-
mand’, "Acceleration Command’, 'Brake Command’, and a ’Gear Selection’ as outputs.
The vehicle must respond accordingly by adjusting its steering, acceleration, braking,
and gear shifting to ensure the effective operation of a vehicle that uses these inputs.
Since the specifications of the diagram only considers the solution-neutral functional-
ity of the vehicle, the physical cross-relationships between steering, accelerating, and
braking are deliberately not modeled in this diagram, as they depend on the vehicle’s
technical realization. Therefore, the diagram does not consider the different behaviors a
motorcycle would, for instance, implement at simultaneous steering and braking inputs.
For that reason, this operating principle is independent of the technical solution and,
for instance, is also reusable for multiple other sorts of vehicles, such as passenger cars,
trucks, or buses.
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Table 7.3: A tabular view to express the use case behavior inspired by [Coc98].

UC Name \ Name of the use case for which this table specifies a behavior.
Trigger Event that triggers the execution of the use case

Pre- Pre-condition that shall be fulfilled before the execution of the Use
condition Case

Desired Be- | The action sequence that is or shall be executed during the use case
havior execution collaborating with the associated actors.

Post- Post-conditions that shall be fulfilled after the successful execution of
conditions the use case.

7.2 Modeling Operating Principles as Scenario Specifications

Because use cases only provide a rough boundary for behavior specification, early ap-
proaches on use case diagrams [Jac93, Coc01, AM00, Fow04, KG12] already developed
several concepts to bridge the gap between the rough description of an activity a use
case provides and the actual action sequence that is or shall be observable during the
use case execution. Most prominently, tabular representations [Coc01, Fow04] and tem-
plates for the elicitation of these tabular descriptions [Coc98, SO01b] provide systems
engineers with the ability to express these aspects. In the process of applying these
concepts in the context of the operating principles modeled using the CUBE, this sec-
tion presents a CUBE specific template inspired by the template from [Coc98], which
this section extends to an additional view on use cases and operating principles which
aims at bridging the gap between use case diagrams specifying the stakeholder value and
activity diagrams that specify the operating principles of system features in the CUBE.

7.2.1 A Scenario Specification Template for Operating Principle Modeling

Because the template in [Coc98] provides some concepts that are redundant when used in
the context of the stakeholder value models section 6.1 introduced, this section provides
a reduced tabular representation of use case behavior specifications. Table 7.3 defines a
view for use case behaviors. First, this tabular view connects the use case specification
to the use case by its name. Then, it defines a trigger that will trigger the execution
of this use case. As the pre-condition field describes, a pre-condition must be fulfilled
before the use case can be executed. The desired behavior specifies the system’s action
sequence during the use case execution. After the execution of the desired behavior, a
post-condition must hold. Since use case behavior descriptions typically serve not only
for specification purposes but also for testing and verification, this element can serve
to check the successful execution of the use case. Note that though the syntax and
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Table 7.4: A tabular view to express the desired behavior as an action sequence during
the use case execution.

Desired Behavior

# | Actor Action Input Output Condition | Execution | Next
1 | Actor Action name: name: Condition | Sequential | 2
that per- | this step | Type Type Parallel
forms the | executes Alternative
action Exception
2 | .. End

semantics definition allow, this view intentionally provides an additional mechanism to
describe pre- and post-conditions.

Because the definition of system behaviors in an unstructured text does not provide
much guidance for modeling the actions, Table 7.4 provides an additional table that cap-
tures the desired use case behavior. As a primary concept, each row represents an action
to be executed, with a number as an identifier (ID) and a next cell for the action. As
someone or something needs to execute each action, similar to the allocation, each action
has an actor that is responsible for the execution. As this diagram reflects the execution
of a use case, the actor must either be the system the use case is allocated to, a subsys-
tem of this system, or a primary or secondary actor connected to the use case. To clarify
this relation, the template in [Coc98] enumerates the available primary and secondary
actors in the template. To avoid redundancy to the use case diagram, the template this
section presents deliberately refrains from enumerating them again in the template, but
refers to the actors the use case diagram already defines. To express the use cases that
require or provide objects, Table 7.4 has the input and output fields in each row. Finally,
the condition and the execution fields enable systems engineers to specify conditions for
the control flow, such as alternative executions, parallel execution with join specs and
expeditions that interrupt the execution in an interruptable region of actions, and the
standard sequential execution order. For further insights, subsection 7.2.3 describes how
these concepts relate to the elements an activity diagrams describe.

As a simplification for the users in the automotive industry with heterogeneous back-
grounds, most of the examples in this thesis use a natural language definition of the
expressions and triggers. However, further formalizing the content allowed in these
fields is beneficial according to [TG14]. Moreover, to further enhance this template for
modeling misuse cases, future works could extend this template with capture points as
[SO01b] proposes. As a combined representation of the views for use case specifications
(¢f. Table 7.3) and the tabular behavior description (cf. Table 7.4) representation as a
template for use case behavior elicitation, section C.1 provides a template to describe
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use case behaviors.

7.2.2 An Example Operating Principle of a Transportation Task
Represented and Decomposed using Template-Based Use Case
Specification

To relate the operating principles subsection 7.1.3 depicts as an activity diagram, this
section presents example applications of the use case specification template Table C.1 of
the feature ‘Transport persons and goods’ and the ‘Drive the Vehicle’ use case. Moreover,
this section shows how this template assists in decomposing system features using a
decomposition example of the ‘Open the Door’ and the ‘Close the Door’ use cases in the
context of the stakeholder value of the ‘Structure’ system.

Table 7.5: A tabular use case specification of the feature operating principle ‘Transport
persons and goods’ Figure 7.1a presents in the form of an activity diagram.

ucC «feature» Transport Persons and Goods

Name

Trigger The vehicle owner wants to transport people to a destination using the
vehicle.

Pre- -

condition

The vehicle transports people and goods to a destination.

# | Actor | Action Input | Output| Condition | Execution | Next
1 | Vehicle | Enter the | person:| - - Sequential | 2
Vehicle Mate-
rial
2 | Vehicle | Drive the | energy:| - - Sequential | 3
Desired Vehicle En-
Behavior ergy
3a | Vehicle| - - - Destination| Alternative| Final
reached
3b| Vehicle | - - person:| Destination| Alternative| 2
Mate- | not
rial reached
Post- The vehicle occupants reached the destination and left the vehicle.

conditions

As Table 7.5 shows, displaying a feature operating principle of the feature ‘Transport
Persons and Goods’ is principally possible. Moreover, this view also enables systems
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engineers to specify triggers, pre-conditions, and post-conditions as an additional ele-
ment. Moreover, the tabular representation of the table might reduce the entry barrier
into systems modeling for engineers with less experience in system modeling or sup-
port experienced engineers in eliciting the required actions without the need to create
and maintain the layout of an activity diagram manually. As an additional example,
Table 7.6 presents the use case specification of the ‘Drive the Vehicle’ in Figure 7.1b.
Because the actions in the feature operating principle in Table 7.5 refer to actions with
the same name as the executed use cases, these concepts are traceable between the dif-
ferent templates. As a result, the use case specifications may be reused for different
features and projects, thus reducing the individual effort required for system develop-
ment. Because use case behavior specification tables also specify the required behavior
of the actors in the environment, use case specifications might contain elements that the
operating principles in CUBE typically do not reflect. For example, Table 7.6 specifies
the driver’s actions, which are not contained in the operation principle Figure 7.1b de-
picts. As a result, additional table filters might be required to remove these elements
from the operating principle specification.

Moreover, as the use case specifications of the ‘Enter the Vehicle’ (¢f. Table C.3) and
the ‘Exit the Vehicle’ (¢f. Table C.2) use cases reveal, these specifications are not only
suited to describe the operating principle of a use case, but also for deriving use cases for
the next decomposition layer such as the ‘Close the Door’ and ‘Open the Door’ use case,
or for detecting forgotten use cases or refining existing use cases such as the ‘Unlock the
Vehicle’ and the ‘Lock the Vehicle’ use case.

As these examples show, the definition of use case scenarios is not only beneficial for
feature use cases but also for all other functional use cases (i.e., all use cases apart from
boundary condition use cases), as they not only provide reusable building blocks for the
feature operating principles but also provide the use cases for the next decomposition
level.

7.2.3 Generating Operating Principles from the Scenario Specification
Templates (and vice versa)

Since the tabular use case behavior descriptions and the activity diagrams representing
the operating principles of the features in CUBE are highly related, a derivation of
operating principles from the use case scenario templates is possible. In other related
works, [WMS16], for example, already presents similar ideas to formalize the execution
of use cases, or [Whi06] describes an approach to precisely specify the system behavior
during a use case execution using this relationship.

Following the first intuition, each scenario corresponds to an activity in the activity
diagram. Each row in the table then represents an action the actor executes. To represent
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this relation, each row in the table corresponds to a diagram element in the activity
diagram, and each entry in the ‘Actor’ column corresponds to a block in the logical
system architecture. Therefore, the relation in the activity diagram is expressed by a
relationship between the activity diagram element and the block of the executing system,
subsystem, or actor. The behavior’s initial action is represented by the first row of the
table, so a control flow must connect the initial node of the activity diagram with the
action that results from the first row in the table. For sequential execution, the current
action in the table must have a control flow to the actions of the row specified in the next
column. For parallel execution, all actions of consecutive rows with ‘Parallel’ execution
correspond to forked actions in the activity diagram that are forked before continuing
the execution. The first and last rows of the template may optionally encode these
concepts to further specify a name in the fork node or a name and join specification
in the join node. Following the same principle, the ‘Alternative’ execution corresponds
to actions behind a decision node that need to be merged in a merge node before the
execution can continue. As for the for and join nodes, additional optional rows may serve
to specify names for decision and merge. In contrast, each row without a predecessor
must have a condition to determine the condition under which the path is taken in the
activity diagram after the decision node. To encode the object flows the table represents
in the diagram, all inputs and outputs of the table correspond to action pins of the
corresponding actions in the diagram, which have an object flow from the providing
element with the same name and type to the requiring element with the same name and
type. Finally, all unconnected inputs and outputs correspond to activity parameters
in the activity diagram that provide those inputs and forward the outputs via activity
parameters. As a more formal description of this intuitive view, section C.2 provides
the transformation rules for transforming the behavior descriptions in tabular use case
scenarios to activity diagrams.

Although the transformation rules are usable to derive activity diagrams from the
desired behavior specification as well as desired behavior specification specifications from
activity diagrams, the resulting diagrams may also contain actions the actors perform
and are therefore not part of the system specification. As a result, removing the actions
performed by the actors in the environment from the use case specification table is
sometimes necessary, rendering the transformation unidirectional. Therefore, it is a good
practice to either utilize use case specification templates only to describe both system
behavior and inputs and reactions the actors provide and derive activity diagrams if
required or to accept that only the elements the system performs are specifications.
In contrast, the remaining actions of the environment are dummy actions that might
become relevant for testing the system behavior in later phases of the behavior without
any guarantee for the system.
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7.2.4 A Concrete Textual Syntax for Scenario Specification Templates using

Activity Diagrams

As the previous section demonstrated, because tabular use case specification and the
activity diagram provide the same concepts, this idea was extended in a thesis to de-
veloped a concrete textual syntax to describe use case scenarios [Bla23]. Drawing on
these results, this thesis extends integrates the additional concepts Table 7.1 provides,
including interruptible activity regions, send signal actions, accept event actions, and
accept event timer actions. section C.3 presents the grammar that specifies the activity
diagrams used for the behavior specification in Listing C.1, and the grammar for the
use case specification in Listing C.2. A systems engineer can use this concrete syntax to
model the use case scenario from Table 7.6 as follows.

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

31
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1 scenariotemplate DriveTheVehicle ({ UCD-ST ]

primary Driver;

trigger "A driver starts the vehicle in order to move it

to a destination.";

"The driver is in a safe position within the wvehicle,
all people and goods to be transported are safely
stored in the vehicle and the vehicle has a sufficient
energy level to reach the destination";

// The driver drives the vehicle to its destination
behavior activitydiagram DriveTheVehicle {

allocate Vehicle {
InformDriverAboutEnvironmentAndDrivingState

{
out vehicleInfo : Data;
fork StartDrive;
SteerVehicle {

in steerCom : Data;

AccelerateVehicle {
in accCom : Dataj;

BrakeVehicle {
in brakeCom : Data;
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32 }

33

34 ChangeGear {

35 in gearCom : Data;

36 }

37

38 join EndDrive;

39 }

40

41 allocate Driver {

42 DetermineControlCommands {

43 in envInfo : Data;

44 in vehicleInfo : Data;

45 out steerCom : Data;

46 out accCom : Data;

47 out brakeCom : Data;

48 out gearCom : Dataj;

49 }

50 }

51

52 initial -> InformDriverAboutEnvironmentAndDrivingState;
53 InformDriverAboutEnvironmentAndDrivingState
54 —> DetermineControlCommands;

55 DetermineControlCommands —-> StartDrive;
56 StartEngine ->

57 SteerVehicle &

58 AccelerateVehicle &

59 BrakeVehicle &

60 ChangeGear;

61 SteerVehicle &

62 AccelerateVehicle &

63 BrakeVehicle & ChangeGear

64 -> EndDrive;

65 EndDrive -> final;

66 }

67

68 post "The vehicle reached its destination.";
69

70 }

Listing 7.1: An example use case scenario representing table from Table 7.6 in textual
notation.

Note that the concrete syntax reverts the definition of primary and secondary actions
to the use case specification template, as the concrete use case diagram (cf. subsec-
tion 6.2.6) does not include these concepts. Consequently, the example in Listing 7.1
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starts with the keyword primary before it expresses the contents of the use case sce-
nario.
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7.3 Applying Operating Principle Models to Efficiently Design
Automotive Systems

To refine and evaluate the application of the methods this chapter proposed for in
the automotive industry, this section summarizes several results from the Epsilon,
Delta, and Zeta projects and relates them with the publicly available VT OL models
from [JGW*21], which presents the feature-driven operating principles for some features
[JGS™20] elicited. Since previous works already demonstrated the applicability of activ-
ity diagrams for operating principle modeling [JGS*20, GKS*21, JGW'21, MSG*22]
using the CUBE, and several publications show that activity diagrams are already
established as a means to describe operating principles in the automotive indus-
try [WMGT11, WMS16, BVR17, BV17, DGH"19], this section focuses on replacing
natural language specifications with activity diagram models.

As for the stakeholder value application, subsection 7.3.1 provides a generation method
to generate natural language requirements from activity diagrams and modeling guide-
lines for modeling activity diagrams as operating principle models that lead to (gram-
matically) correct system requirements. To evaluate the correctness of the generated
requirements, this section builds on the evaluation scheme subsection 6.4.2 provides to
evaluate the applicability of the generation method in the Delta, Zeta, and Epsilon
projects as well as on the VTOL model from [GKS*21]. Since the Epsilon project addi-
tionally provides a model-based specification for a system initial build on a document-
based approach, subsection 7.3.3 compares the results in both methodologies. As for the
stakeholder value evaluation, this section draws on the evaluation results from [Zab23]
for the evaluation of the natural language requirements generated in the Zeta and Delta
project.

7.3.1 Generating Textual Functionality and Interface Requirements using
Activity Diagrams

Based on the transformation rules [Zab23] presents, generating textual functionality
and interface requirements in the context of feature operating principles is possible.
Analogous to the generation of stakeholder value requirements subsection 6.4.1 describes,
these transformation rules insert parts of the activity diagram models that express the
operating principles as features into the respective fields of the SPECTRE template (cf.
Figure 5.1) and provide naming guidelines to ensure the generation of grammatically
correct requirements. Because of an agreement in the Zeta and the Delta project to
only specify a core functional requirement for each action and interfaces of the operating
principle and provide the execution order as a diagram, Table 7.7 provides templates for
the requirements of these elements. The following section only evaluates the requirements
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these templates generated for all projects. If a requirement generation of the other
elements in Table 7.1, section D.2 provides additional transformation rules for additional
textual requirements that describe the control flow.

Table 7.7: AD requirement generation templates to derive natural language requirements
for functionality and interface requirements from activity diagram models

based on [Zab23].

Requirement Generation Rules

1D Graphical Notation Requirement Template
<inl>: <inN>: The feature ‘<Feature>’ shall <action> using
<In1Type> <InNType> <inl> of type <InlType>, ..., and <inN> of
AT1 1 [] type <InNType>, providing <outl> of type
[ <action> j <OutlType>, ..., and <outN> of type <Out-
T (] NType>.
<outl>: <OUutN>:
<Out1Type><OutNType>
act [activity] ActivityDiagram [Feature] J The feature ‘<Feature>’ shall execute all actions
AT?2 according to the execution order in <ActivityDi-
agram>.
<source feature>
parameter: Type
The feature <source feature> shall provide
AT3 the interface parameter <parameter> of type
<destination <Type> to feature <destination feature>.
feature>
parameter: Type
<source feature>
parameter: Type The feature <destination feature> shall receive
AT4 the interface parameter <parameter> of type

<destination

feature>
parameter: Type

<Type> from feature <source feature>.

Naming Conventions
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Table 7.7: AD requirement generation templates to derive natural language requirements
for functionality and interface requirements from activity diagram models

based on [Zab23].

ID Naming Convention

Comment

<Process verb>+
AN1 [details on the verb or the object]?
<object>+

This naming convention for activities and actions
aims at preventing grammatical errors in the re-
quirements and should serve to meet a require-
ment structure according to SPECTRE (cf. sec-

[details on the object]?

tion 5.2)

Therefore, Table 7.7 only describes the generation templates that describe require-
ments for each action in an activity diagram (including their inputs and outputs) and
templates for the generation of requirements that describe the interfaces between the
different features of a system. As the resulting specification is intended to be split ac-
cording to the CUBE artifact split in the process structure model in Figure 3.3, the
requirement that feature A shall provide to feature ‘B’ with information ‘I’ is duplicated
for the receive case in AT4 to make this requirement verifiable in a module test for the
developers of the feature that shall receive ‘I’ as input. Though the generation of the re-
quirements regarding the allocation is part of the logical architecture requirements, and,
therefore, part of the generation subsection 8.3.1 describes, the transformation rules do
not apply to actions that represent system use cases (or are allocated to the current
system under consideration). Consequently, no additional requirements for the diagram
Figure 7.1a may be generated as the requirements stakeholder value requirements al-
ready cover all requirements, and a generation of this requirement would result in the
following erroneous requirement.

Example 13 (Erroneous SPECTRE Requirement for the ‘Enter the Vehicle’ action in
Figure 7.1a). The feature "Transport Persons and Goods’ shall Enter the vehicle.

Hence, the requirement in 12 from the stakeholder value requirements generation al-
ready covers the requirement in 13. Consequently, only a generation of the requirements
from the diagram in Figure 7.1b activity diagram is required, leading, for example, to
the action requirement requirement:

Example 14 (Operating Principle SPECTRE Requirement for the ‘Inform the driver
about environment and driving state’ action in Figure 7.1b). The feature 'Drive the Ve-

hicle’ shall Inform the driver about environment and driving state providing ‘vehcileInfo’
of Type ‘Data’.

In addition to this requirement, the execution requirement for the whole diagram
"Drive the Vehicle’ action in Figure 7.1b is then in 15.
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Example 15 (Execution order requirement for the diagram in Figure 7.1b). The fea-
ture ’Drive the Vehicle’ shall execute all actions according to the execution order in
Figure 7.10.

Because the generation of requirements that refer to images of diagrams is challenging
to evaluate from a semantic viewpoint without speaking about the diagram’s contents,
which is not part of the evaluation this thesis conducts, requirements of this form were
excluded from the evaluation the next section presents. If a further specification of the
execution is required, section D.2 provides a full-featured set of transformation rules
that not only additionally reflect the execution order of the actions in the diagram but
also take the executing elements from the logical architecture according to using the
modeling elements in Table 7.2 into account. To this end, the transformation rules
in section D.2 follow the intuition Figure 7.2 depicts. According to the structure in
Figure 7.2, a requirement consists of three essential parts:

1. The event that triggers the execution of an action at the beginning of the SPEC-
TRE requirement in Figure 7.2,

2. the actual action that is executed depending on inputs and providing outputs in
the main sentence of the requirement, and

3. the additional logical conditions determining whether an execution is possible in
the diagram.

Note that the transformation in Figure 7.2 does not formulate the definition of the
object flows as a specific requirement, as they follow from the definition of the individual
action requirements. Thus, the definition of object flows follows a provider, receiver
logic, where all receivers receive an object as soon as the provider provides it.

7.3.2 Correctness Evaluation of Generated Operating Principle
Requirements in Model-Based Projects

To demonstrate the applicability of the method to derive correct natural language re-
quirements from operating principle models, as subsection 7.3.1 presents, this section
presents an evaluation of the generated requirements in the context of the Zeta, Delta,
VTOL publication in [JGW™21], and the models in the Epsilon projects. The evaluation
was conducted analogous to the stakeholder value requirements in subsection 6.4.3 using
the evaluation scheme from subsection 6.4.2 and the evaluation results from [Zab23] for
the Zeta and the Delta project. In addition to these insights, this thesis also provides
evaluation results for the VIT'OL and the Epsilon projects.

As the results of this evaluation in Figure 7.3 reveal, there is a clear project-
independent trend for generating correct requirements on the operating principle level.
First, most of the requirements are usable in the projects without any correction, as
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<feature> AD

<in>?:<Typel>?

[] -
’ A ~t<Condition>?] ¢ <process verb> o
(__<object>?<constraints?

]
‘ ut>:<Type2>
'. A

<i
System/Feature Previous Action
finalized to] [ I <>/

Process Verb

[ As soon as ] the <System/Feat%> ]

Substantive

Constraint

the <System/F‘eature> ][ shall ] [ <Process verb> ] [ <object>? [ <constraint>? ]

Optional: Input

[ using ] [ <in> ] [oftype] [<Type1>] [providing] [<out> ]{/oftype] [<Type2>

Logical Expression

[ if J [ <Condition> ]

Optional: Output

Figure 7.2: A straightforward transformation that inserts the names of the actions in the
diagram and the execution order in the corresponding fields of the SPECTRE
template (cf. Figure 5.1).

the generation method from Table 7.7 resulted in correct requirements in most cases.
Second, the number of semantically incomplete requirements decreased on this level.
Third, fewer requirements with minor syntactic errors were generated, which is a solid
contrast to the stakeholder value requirement evaluation in Figure 6.10, where no
project-independent trend is observable and many requirements were erroneous. To ex-
plain this observation, [Zab23] assumes that operating principle requirements, compared
to the stakeholder requirements, have a lower abstractness of the activities, which seems
more accessible for the modelers to capture. Moreover, [Zab23] suspects that it might
be easier for the system modeler to directly describe the actions a system performs in
the activity diagram without changing the perspective between stakeholders and their
needs from the system, which might eliminate this source of errors.

These assumptions also manifest in the error reason evaluation Figure 7.4 presents. As
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. [o)
26; 7% 1; 4%

330, 83% 22’ 96%

(a) Project Zeta: Total 397 generated re- (b) Project Delta: Total 23 generated
quirements. requirements.
1, 7%

39; 89%

(c) Project VTOL: Total 15 generated (d) Project Epsilon: Total 44 gener-
requirements. ated requirements.
= No changes necessary m Small syntactic changes necessary
= Semantically incomplete m Semantically wrong

Figure 7.3: Correctness evaluation results of the operating principle requirements gener-
ated in the Zeta, Delta, VITOL, and Epsilon projects.
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Action
formulation
guideline
violated; 21;

31%

Wrong Action; | \\Grammar/Spel
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Inconsistent
parameter
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3%
(a) Project Zeta: Total 67 erroneous
requirements.

Accept Time
Event; 1; 25%

Grammar/Spelling; 3;
75%

(¢) Project VTOL: Total 4 erroneous
requirements.

Figure 7.4: Results of the error reason

silon projects.
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7.3 APPLYING OPERATING PRINCIPLE MODELS TO EFFICIENTLY DESIGN
AUTOMOTIVE SYSTEMS

Figure 7.4a reveals, a violation of the guideline AN1 Table 7.7 of some modelers in the
Zeta was responsible for the most significant class of errors in the ‘Action formulation
guideline violated’ class. In this class of requirements, the modelers of the activity
diagram failed to name actions using a process verb in the correct form and place writing,
for example, that a feature shall “monitoring and checking incoming data’ instead of the
correct “monitor and check” data. The next most significant class of wrong requirements
resulted from wrong or missing parameters in the model. For example, the modelers of
a feature related to energy management failed to provide this energy to the action. In
contrast, the modelers concerned with another feature failed to rename object flows the
modeling tool generated by default. Furthermore, most misuse cases from the stakeholder
value also lead to wrong actions. The operating principle of these features performed
leads to the ‘Wrong Action’ class. As for stakeholder value requirements, the review of
the model did not find some grammatical and spelling mistakes, leading to the errors in
the ‘Grammar/Spelling’ class. Finally, an object flow with incompatible types was not
found in the model’s evaluation, leading to two requirements with inconsistent parameter
definitions.

In the Delta project, as Figure 7.4b depicts, only one requirement was erroneous and
caused by an action with a default name the modeling tool provided.

Finally, in the VTOL (c¢f. Figure 7.4c) and Epsilon (cf. Figure 7.4d), almost all erro-
neous requirements result from minor grammatical errors in the names of the actions.
For example, the action “Initialize Communication System Check” does not lead to a
correct requirement as an article is missing a grammatically correct sentence. As the
only exception in the VTOL model, [JGW™21] presents, the time constraint of the ac-
cept event action is not valid in natural language and, therefore, named in a separate
class ‘Accept Time Event’ in Figure 7.3c.

As these insights reveal, a derivation of operating principle requirements using the
templates and guidelines from Table 7.7 is possible and aids the modelers in uncovering
minor errors.

7.3.3 Completeness Evaluation of Generated Operating Principle
Requirements in Model-Based Projects compared to a
Document-Based Specification

As an additional demonstration that system models can replace natural language require-
ments in industry projects, this section compares the generated and corrected operating
principle requirements in the Epsilon projects with the legacy requirements the project
team received as input.

As the results in Figure 7.5 show, the generated requirements address almost as many
requirements in the legacy requirements as they add to them and vice versa. Although
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Address legacy
requirement;
24; 55%

(a) Evaluation how many of the 44
generated requirements in the Ep-
silon project address one of the 47
legacy requirements.

NFR; 3; 6%

Addressed
legacy

requirement;
26; 55%

(b) Evaluation how many of the 47
legacy requirements in the Epsilon
project address on of the 44 gener-
ated requirements.

FR; 44; 94%

(c) Ratio of requirements reflecting functionalities (FR) versus requirements reflecting con-
straints, specific qualities or performance requirements (NFR) according to the requirement
classification scheme in [Gli07]: Total 47 requirements.

Figure 7.5: Results of the completeness evaluation comparing the model-based stake-
holder value specification from the Epsilon projects with the document-based
legacy requirements the project used as input.
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Constraint; 1;
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Not Modeled
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Yes; 26; 55%

(a) Reason evaluation for the 21 not (b) Evaluation how many of the 44
generated legacy requirements. generated requirements correctly
cover one or more of the 47 legacy

requirements.

Figure 7.6: Results from the interviews with the modelers in the project to determine
the reasons for not modeling the requirement and to evaluate if the generated
natural language requirement correctly covers the legacy specification.

more than half of the operating principle requirements in the legacy documents are
addressed by the natural language requirements, the approach from subsection 7.3.1
generated a significant number of requirements that are still not addressed by these
requirements. As Figure 7.5c¢ illustrates, this cannot only be explained by constraints,
specific quality, and performance requirements because only three of those requirements
are contained in the legacy specifications. Therefore, the original modelers were asked
to explain the differences, which led to the outcome Figure 7.6a presents. This inter-
view revealed that one requirement, a constraint to the solution space of the operating
principle, was modeled but not included in the activity diagrams, as the SysML spec-
ification [Obj19] requires these elements to be placed in SysML BDDs. Moreover, the
project team deliberately did not address some of the requirements, as the input they
received contained concrete solutions specific requirements in the operating principle,
which are not only deliberately not modeled in the CUBE, but also no longer reflect
the state of the art of this kind of systems today. Therefore, the project team discussed
these requirements with the requirements engineers, who specified the requirements for
the system in the document-based process and jointly decided not to integrate these as-
pects into the reworked model-based specification. Another group of requirements in the
document-based specification referred to stakeholder values that a system architect with
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the knowledge from the development of the existing system would no longer assign to
the feature under development. As a result, the project team intentionally moved these
aspects to a feature other engineers developed in another team outside of the project
under consideration.

Comparing the generated requirements with the legacy requirements also revealed, as
Figure 7.6b displays, that some requirements in the also described aspects related to the
execution order of the actions in the operating principle. Consequently, these aspects can
be modeled and generated using the extended generation method for natural language
requirements Table D.2 presents. However, the evaluated requirement set only reflects
this aspect with reference to the model, which the reviewing requirements engineers did
not consider during their evaluation.

Although this correctness evaluation is not representative of all projects in the automo-
tive industry, the results indicate that activity diagrams that specify operating principles
are sometimes sufficient to replace natural language specification documents created by
document-based systems engineering processes.

7.3.4 An Experience Report on Using Tabular Scenario Specification
Templates and Activity Diagrams

To additionally provide insights on the application of the tabular specification as a means
to represent operating principles early in the development as use case behavior descrip-
tion tables, this section provides some experiences from the 4 modelers that applied these
models in the Zeta project.

Contrary to what was intended by the definition in section 7.2, the specification
method was not used by the inexperienced system engineers in the project but by the
more experienced system engineers, who found the specification method using tables to
be an efficient way of collecting information about the application of features and to
define reusable use case behaviors. This not only aimed at saving time in laying out
the graphically represented activity diagrams but also to improve communication with
stakeholders who had never seen one before.

Unfortunately, the project did not provide reliable data on these savings. Moreover,
the small number of projects and participants and the missing environment for reproduc-
ing these results are also significant threats to the validity of these insights. Nonetheless,
this experience report might motivate further research e.g., in the context of the upcom-
ing SysML v2 specification [Obj23], which provides a textual representation of both use
case and activity diagrams comparable to the concrete textual syntax subsection 7.2.4
provides.
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7.4 Interim Conclusion and Discussion

In summary, this chapter establishes SysML activity diagrams in Table 7.1 and Table 7.2,
and use case scenario specifications in Table C.1 as a way to model the desired system
behavior as the operating principle of a system. This section answers RQ-3.3 (“How
to model operating principles?”) by not only providing the required diagram elements
in the SysML diagram but also by providing an additional method and textual syntax
for use case scenario specifications in subsection 7.2.4. Although the suggested way of
modeling operating principles was not applied in all projects this thesis considers, the
experiences from subsection 7.3.4 indicate that the application in other projects might
be beneficial for other projects and could be a relevant topic for future research.

Moreover, subsection 7.2.3 answers RQ-4.1 (“Can operating principles be derived from
use case scenario specifications?”) by providing a bidirectional transformation from
operating principles to use case scenario specifications that connects both concepts and
makes a derivation possible. Even though the considered use case specifications draw on
the concept of use case specifications [Coc01, Fow04] that are more related to activity or
sequence diagrams than to use case diagrams [KRW22], the transformation shows that
use cases and system actions are closely connected. It provides additional concepts to
increase the efficiency.

subsection 7.3.2 and subsection 7.3.3 demonstrate that a derivation of natural language
requirements is possible using the method section 7.1 provides when combined with the
additional guidelines from subsection 7.3.1. Tough Figure 7.6b reveals that the generated
requirements with the legacy requirements also described aspects related to the execution
order of the actions in the operating principle, which were not generated using the simple
method from subsection 7.3.1, the expert interview and additional experiences in other
projects indicate that the additional concepts section D.2 might be sufficient to close
this gap. Because even the simplified requirements specify the execution order using the
diagram itself, the results are still comparable to a document-based system specification
as investigated by RQ-4.4 (“Are the models that result from a model-driven specification
comparable to document-based specifications?”), these documents often rely on images
to describe these aspects as, for example, [Lev09] criticizes.

Finally, regarding the fulfillment of the methodical requirements from section 3.3, sev-
eral aspects contribute to the fulfillment of the methodical requirements. Concerning
MR-1 (“Specification models created using the method must be reusable to realize re-
duced time-to-market constraints”), CUBE relies on solution-neutral operating principles
for modeling system behaviors. For that reason, the systems engineer who models the
actions within an operating principle should model them in a way that they are inde-
pendent of the technical implementation of the system. Therefore, this method makes it
possible and intended to reuse operating principles in other systems engineering projects

205



CHAPTER 7 SPECIFYING SYSTEM BEHAVIORS AND FUNCTIONALITIES BASED ON
OPERATING PRINCIPLES

with comparable systems under development. As the experience in the Epsilon project
indicates it is a good practice to find a suitable balance between solution neutrality and
concrete applicability. Since CUBE introduces solution neutrality not only as a mean to
increase re-usability, but also to leave freedom in the technical design decision, it is im-
portant that an operating principle neither impedes the reuse of the operating principle
in another project nor unnecessarily depriving the engineers responsible for the technical
realization of the freedom to find a suitable technical solution. However, a maximal solu-
tion neutral operating principle might not be the optimal solution for every case. In the
Epsilon project for example, the systems engineers intentionally did not model the op-
erating principle of the general chemical combustion reaction of the as a main feature of
the powertrain, but decided modeling a specialization of this case, where fuel and air are
already fixed as reaction partners, to simplify the operation in this particular use case.
This is possible because automobile manufacturers have already introduced petrol and
diesel engines with air as an oxidizer as a standard solution for the internal combustion
engine and the inclusion of additional fuels and oxidizers in this reaction would not bring
any further benefit in this application compared to the additional complexity that this
consideration brings. To further enable the reuse of the diagram elements this chapter
suggests in Table 7.1, section 7.1 intentionally splits the diagram elements to the system
independent behavior description in Table 7.1 and the system allocation in Table 7.2.
From a critical perspective, however, some challenges remain for future research. For
example, how to split or tag the allocation from the operating principle from a language
design point of view or how to package the operating principle for project-independent
reuse and manage changes from an engineering perspective. Regarding MR-2 (“Specifica-
tions must be adaptable to specific markets or vehicle projects”), the operating principle
model does not support any variability mechanisms. However, the overall feature can
be used or reused, or additional variability mechanisms can be integrated into the ac-
tivity diagram or use case specification language in future works. Concerning MR-3
(“Specification models must be consistent”), no additional methods are integrated into
this section’s concepts. Therefore, future works could take up this point for additional
investigations. To support traceability as required by MR-4 (“Specification models must
be bidirectionally traceable”), each operating principle corresponds to a feature on the
stakeholder value specification level, and a logical component in the logical architecture
executes each action within the operating principle. Therefore, tracing features to ac-
tions and systems, as well as systems to actions to features, is possible within the model.
Finally, MR-5 (“Creating specification models must be possible without redundant man-
ual modeling tasks”) is implicitly addressed by providing multiple solution-independent
and reusable feature operating principles and the instantiation of activities in actions the
SysML already provides in [Obj19], but could further be improved by integrating addi-
tional concepts for activity reuse within an action instantiation and package or library
concepts.

206



Chapter 8

Deriving Logical System Architectures from
Operating Principles

This chapter presents methods to specify the logical architecture of a system according to
the CUBE methodology. To this end, this section focuses on describing the structure of
a system as a SysML IBD and the dynamic architecture in the form of a SysML STM as
Figure 3.11 motivated based on [BGM™09] and [GORW23|. As a measure to increase the
reusability of the logical architecture (¢f. MR-1 “Specification models created using the
method must be reusable to realize reduced time-to-market constraints’), this chapter
further introduces the concept of a Logical Reference Architecture (LRA).

This logical architecture concept draws on previously established concepts from the
software product line engineering [PBL05, WLRW15], as well as additional concepts for
software- and system architecture definition [RR02, GH00, Oqu04, RRW13, BHH"17].
Regarding the semantics of this architecture, the behavior definition this thesis uses
draws on SysML state machine diagrams, which are related to Mealy [Meab5] and
Moore [Moo56] automata, for which several semantic definitions exist [BCR07, NSC*07,
DEKR19, Kau21]. In combination with the structural aspect defining ports and systems
with automata, this type of model is well-suited to describe and specify the behavior
of cyber-physical systems[Lee08, Alul5] the automotive industry develops [CAFC™T16,
WBJO08]. Although this thesis focuses on the SysML [Obj19] in RQ-3.4, several other lan-
guages exist to express system architectures. For example, AutoFocus [HF07, AVT+15],
EmbeddedMontiArc [KRRvW17, KRSvW18, vW20, Kus21]|, MontiArc [HRR12, Hab16],
or its extension MontiArcAutomaton [Rinl4, Worl6, BKRW17, BKRW19] use the Fo-
cus [BS01, Brol0, RR11] framework as a semantic foundation for system modeling and
specification.

This chapter is structured as follows to specify a logical architecture for a system.
First, section 8.1 introduces the concept of a logical architecture and the required model
elements to answer RQ-3.4 (“How to model logical architectures?”). Next, section 8.2
addresses RQ-4.2 (“Are logical architectures derivable from operating principles?”) by
introducing a transformation method to derive the logical architecture of a system from
an operating principle specification. Finally, section 8.3 applies the concepts on the mod-
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els and derived textual requirements in natural language from the Zeta, Delta, VTOL,
and Epsilon projects to evaluate the applicability of the method in the context of the
efficiency (cf. RQ-4.3 “Is the efficiency increased by this automation?”) and compati-
bility to document-based specification (cf. RQ-4.4 “Are the models that result from a
model-driven specification comparable to document-based specifications?”).

8.1 A Logical Reference Architecture for Element Allocation

A reference architecture of a system fulfills a similar purpose to a reference architecture
for software product lines as described in [PBLO05]: Capturing the high-level design for
the applications of the system. A critical aspect of a system architecture is the core
architecture [PBLO5] or base architecture [WLRW15]. In this architecture type, the
implicit knowledge and design decisions from the top-level requirements should become
explicit [WLRW15]. For example, an automotive company does not produce all possible
means of transportation, only a reduced subset that fits its product line, such as cars,
trucks, or motorcycles. Thus, when an automotive company develops new mobility
concepts and features, the technical design decision that only one product from the
company’s product line will be accepted is implicit. In a reference architecture, these
decisions manifest as a static or structural decomposition of a system, which provides
standard components that all systems of this type should have. In addition, reference
systems usually have a dynamic or behavioral part, which predestines the joint system
states and transitions for the localization of actions within an operating principle. For
example, the standardization of labeling the electric terminals in automotive wiring
within vehicle electronics [DIN14] implicitly creates, in addition to the static solution
space (the existence of circuits, specific terminals, and lines), a particular state space that
a behavioral description of the logical reference architecture makes explicit. Therefore,
this thesis defines the Logical Reference Architecture (LRA) as follows:

Definition 27 (Logical Reference Architecture (LRA)). The Logical Reference Architec-
ture (LRA) of a system of interest defines the logical structure and behavior of a system
to make the high-level design explicit for the applications of the system.

The logical reference architecture this thesis presents aims to fulfill MR-1 and MR-
2 by providing predefined system components to which systems engineers can allocate
actions from an operating principle. Since the logical reference architecture aims to
be independent of the technical solution, the same logical architecture may serve as
a reference for multiple technical architectures, allowing the required adaptability by
MR-2. By generating further dependencies to existing components when implementing
new features as described in section 8.2, a re-adoption to a different LRA also becomes
possible, which increases the adaptability required in MR-2.
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Like other system architectures [RR02, GH00, Oqu04, RRW13, BHH'17], the LRA as
described in this thesis has a static i.e., structural and a dynamic i.e., behavioral part.
The static part defines the system’s logical decomposition and specifies the subsystems
for the next decomposition level. The dynamic part of a system is expressible in the
form of a state machine that describes the states and transitions of the system during
its life cycle.

8.1.1 Structural Logical Reference Architecture

In the context of this thesis, the assumptions and constraints regarding the system
decomposition become explicit by the structural Logical Reference Architecture (sSLRA).
The sLRA describes the structural components of a system and its subsystems. This
reference architecture is a logical architecture [GHKT08a, BGK109] that is reusable
for many systems. Using logical components as a substitute for their actual product
implementation makes the architecture reusable over project boundaries, as required by
MR-2. For the scope of this thesis, the SLRA is defined as follows.

Definition 28 (structural Logical Reference Architecture (sLRA)). The structural or
structural Logical Reference Architecture (SLRA) of a system of interest defines the sys-
tem’s structural components from a logical perspective to define its subsystems. It is de-
rived during or from previous system development projects, reusable for similar projects,
and should facilitate the system decomposition.

In contrast to the static architectures in variability analysis [Sch19, KNST21], these
components of the SLRA are not necessarily constant over the run-time of the system but
predestine the structural components of a system and its subsystems. By this, the sSLRA
enables systems engineers to reuse their knowledge from previous system development
projects with the systems. As mentioned in the definition, the sSLRA is either developed
during a new system development project or derived from the knowledge from previous
system developments.

By this, implicit design decisions (e.g., the constraint that automotive manufacturers
produce cars) become explicit, and the implicit company knowledge on how to build
cars becomes manifested. Since this embodiment of previously developed solutions has
the risk of focusing too much on existing technical solutions, this architecture consists
of logical components instead of technical ones. Following this philosophy, the integral
aspect of the LRA is that it defines logical architecture components instead of technical
components based on the product realization. By this, the risk of being stuck to existing
technical implementations should be reduced, and the immense product portfolio within
different development projects should become reusable.
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Logical System Decomposition

Since natural language is ambiguous [Cho20], the logical meaning of a component is not
uniquely identifiable by its name alone. Thus, there are multiple semantically equivalent
ways to specify a logical system. For example, propulsion and drive systems may or
may not result in the same set of possible implementations depending on the specifier’s
and the implementer’s understanding. Apart from this fundamental ambiguity of nat-
ural language, different decomposition approaches exist in the literature. The following
summarizes some of these understandings according to the different CUBE layers:

1. Customer-Oriented Logic: This understanding decomposes the system according
to the system functionalities a system stakeholder can experience during the inter-
action with the system. It is, for example, applied in the identification of logical
architectures for micro-serves as presented in [GKGZ16], or [THLL18] and results
in a feature or scenario-oriented system architecture that decomposes the systems
along the stakeholder value layer of CUBE on the logical architecture layer of
CUBE.

2. Operating Principle Logic: According to this understanding that is e.g., followed
in [GHKT08a], a logical system component describes a functional block of a system
that applies an operating principle to the system. Consequently, this approach de-
composes the logical systems according to the operating principle layer of CUBE.
This way of decomposition was partly applied in the Gamma projects, where the
systems engineers split the system into part functions, for which independent fea-
ture teams were responsible.

3. System Domain Logic: This solution decomposes the logical components according
to the domains required to execute a specific action of an operating principle. It is,
for example, followed in [JGWT21], where it defines the subsystems of an VTOL.
Thus, this approach introduces a new structure on the logical architecture CUBE
layer that orients at logical system domains.

4. Technical Realization Logic: According to this philosophy, the logical components
decompose according to a logical abstraction of their technical implementation.
It is, for instance, followed in [BroOla] in the component-based design structure
matrix, where it not only describes the technical components of the system but
also allocates them as clustered chunks to a development team. Hence, this sys-
tem decomposition introduces an abstraction of the CUBE technical architecture
layer on the logical system architecture layer. The abstraction from this solution
manifests in categorizing multiple technical solutions as a logical system in this
context.
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Table 8.1: Different possibilities to define vehicle subsystems of a vehicles LRA using the
example of vehicle propulsion.

Decomposition| CUBE | Logical Architec- | Description

Understand- Layer | ture Component

ing

Customer- A Propulsion  En- | According to this understanding, the

Oriented ergy  Provision | necessity of a vehicle’s propulsion fol-

Logic System lows the stakeholder value for the
system to provide propulsion energy.
Thus, a system in this logic might have
the name “Propulsion Energy Provi-
sion System”.

Operating B Longitudinal On the operating principle level,

Principle Force  Manage- | the propulsion embodies longitudinal

Logic ment System forces” management (provision, adjust-
ment, transmission, and reuse). Con-
sequently, the resulting logical system
must execute these tasks and may ex-
ist under the name “Longitudinal Force
Management System”.

System  Do- C1 Propulsion Sys- | According to this way of decomposi-

main Logic tem tion, the logical name of the system fol-
lows from the name of the stakeholder
value: Propulsion, and from the engi-
neering domain that provides it. Since
the provision of propulsion is an engi-
neering domain, the name is word-for-
word usable as a system name, and the
system is called “Propulsion System”.

Technical Im- C2 Engine From a technical perspective, a vehi-

plementation
Logic

cle’s propulsion requires an engine as a
product solution. This implementation
manifests in the LRA by this logical
system definition. As the “Engine” rep-
resents a logical category without fur-
ther specifying the engine type (e.g.,
combustion or electrical), multiple de-
grees of freedom are still available in
the technical realization.
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To compare these approaches in a more accessible manner, Table 8.1 provides an ex-
ample of different possibilities to define logical subsystems of a vehicle that implements
propulsion. The example shows that for the same technical solution, multiple logical ar-
chitectures are possible with fundamental differences in the understanding of the system
that go beyond the pure linguistic difference of using synonyms for the same system.
If the stakeholder value serves as a decomposition anchor for the logical architecture,
a vehicle would need a “Propulsion Energy Provision System” since the need for the
propulsion of a system requires that the vehicle provides propulsion energy to accelerate
the vehicle. Following the functional principle logic, however, the logical subsystems are
defined based on the operating principles. Since the propulsion of a vehicle operates
by managing the longitudinal forces, the subsystem, according to this philosophy, could
result in a “Longitudinal Force Management System” which is solely responsible for the
task of longitudinal force management based on the corresponding operating principle.
When using the system domain logic philosophy, not a single operating principle but
an executing domain that may realize multiple operating principles serves as the logical
subsystem. Following the example Table 8.1 presents, this means that the “Propulsion
System” may not only realize the propulsion but may also be responsible for the ther-
mal management or the transmission of the energy. Finally, the last example uses an
“Engine” based on the technical implementation of the system. Based on the domain
knowledge that road vehicles always use engines for the task of providing drive energy,
the vehicle would have an engine as a logical subsystem, which in the technical archi-
tecture would need to be further specified to get a specific engine, such as an electrical-,
diesel-, petrol-, or jet-engine.

As the example shows, all approaches to decompose systems serve to define the propul-
sion of a system. The generalization of these concepts to a general definition of a sSLRA in
the context of CUBE reveals several advantages and disadvantages of these approaches.
As explained in section 3.1, defining the components in the sLRA is essential for the
systems engineering methodology, as it defines the system considered in the next decom-
position level. Because avoiding confusion in the systems development project is crucial,
it is essential to define one common understanding for the definition of the sSLRA and,
consequently, a standard structure of the sLRA. For this identification, all approaches
have several advantages and drawbacks. Identifying components for the sLRA according
to stakeholder values assures that the sSLRA addresses all of these needs. Moreover, the
logical system architecture is directly derivable from the stakeholder value abstraction
layer by defining a system for each stakeholder value. As a drawback, however, many
systems are required, and the logical systems must realize all parts of the stakeholder
value. Consequently, on the next decomposition level, many subsystems also need to be
further decomposed, which results in a high effort in the systems engineering process and
a complicated logical architecture with many components and connections. The second
approach has the advantage over the first one in CUBE. The features implement groups
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of stakeholder values and reduce the number of subsystems in this process. For each of
these features, a feature operating principle characterizes the components of the sLRA,
and thus, the sSLRA is again obtainable from a higher abstraction level: The operating
principle level. As a result, it reduces the number of subsystems, and the modeling effort
for the different subsystems becomes manageable for feature teams for each operating
principle. A drawback is that only a one-to-one mapping of the operating principle to the
logical system is possible, as the operating principle directly defines the logical system,
and the same logical system must perform all actions of the operating principle. The
third understanding addresses this drawback, as logical execution domains are the basis
of the definition of the logical system that can implement more than one operating prin-
ciple. By this, not only can the number of subsystems be reduced, since a logical domain
may realize multiple operating principles, but also parts in the form of single actions of
an operating principle are addressable. A drawback of this approach is the challenging
initial identification of the logical systems since no initial structure is directly obtain-
able from higher or lower abstraction layers. Consequently, the definition of a logical
architecture requires an additional effort that a system development project must spend
if no initial logical reference architecture exists. Finally, the fourth way presented in
this thesis presents a bottom-up approach to defining logical architectures, which orients
on the technical architecture to define a logical intermediate structure. It shares many
advantages with the third approach e.g., that a single logical element realizes multiple
actions. As a drawback, it also has two significant risks: First, the additional initial
effort for identification of the sLRA is still required as the architect needs to abstract
away from the product implementation to obtain the logical architecture; second, this
approach bears the risk that the manifestation of already existing products is becoming
the key driver of the logical architecture development, which might prevent innovation.
Since, for instance, the ongoing electrification of the automotive industry is one of the
critical drivers of innovation in this area [MNAR22|, new challenges arise, which the
LRA of the system must cover. While the engine system, as presented as an example
in this thesis, is uncritical, a simple extension of the solution space to include electrical
engines renders it problematic. In the past, a fuel system for diesel and petrol engines
was a standard solution for propulsion systems in registered road vehicles [PTWNI18].
In the presence of electrical engines and fuel cells, as other advancing technical solu-
tions [BHL21, PTY*24], it becomes harder to find a one-fits-all solution based on the
technical implementation. As a result, either multiple sLRAs for all possible technical
implementations must be found and maintained, or the fourth and the third understand-
ing are mixed, resulting in an architecture that contains different system decomposition
understandings e.g., an ‘Engine’ connected to an ’Energy System’. Mixing the under-
standings requires constant alignment of the interfaces, as the engineers responsible for
the system development must constantly exchange the understandings of both systems
and their interfaces.

213



CHAPTER 8 DERIVING LOGICAL SYSTEM ARCHITECTURES FROM OPERATING

PRINCIPLES

Impact of Logical System Decomposition on the Organization
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(a) Structure of a possible implementation

of a functional organization.

(b) Structure of a possible implementation
of a divisional organization.
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(¢) Example of a functional organization. (d) Example of a divisional organization.

Figure 8.1: Impact on organization structure.

According to [Con68], the way of developing new systems also reflects in the orga-
nizational structure, which [CB16] even extends, stating that the same applies under
specific conditions for the reverse direction. Following these hypotheses, the logical de-
composition in the sLRA significantly impacts the enterprise organization and vice versa.
Considering that the organization structure might impact the product and development
processes, this thesis further analyzes three common approaches without considering the
simple organization, which is defined by its informality, and the combinations of these
approaches, for example, described in [FGT96]. The first two approaches decompose
the logical architecture from a functional perspective and thus eventually reflect in a
functional organization that Figure 8.1a sketches as a general pattern. Applied to a con-
crete example, a structure as displayed in Figure 8.1c structures the high-level vehicle
function “Force Management” according to the geometrical dimensions to “Longitudinal
Force Management”, “Cross Force Management”, and “Horizontal Force Management”.
A similar pattern results when the fourth decomposition approach that structures com-
ponents according to an abstraction of the technical architecture follows. Instead of the
functions, in the organizational structure that Figure 8.1b sketches, the organization
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(f) Example of a matrix organization.

Figure 8.1: Impact on organization structure (cont.).

is strictly structured into divisions based on the product structure. As shown in Fig-
ure 8.1d, this might lead to a structure in which a vehicle manufacturer organizes as
divisions for the “Engine”, “Steering”, or “Suspension”, which themselves possibly also
distribute to different engineering areas such as development, research, or production.
Finally, as presented in the third approach, a sLRA supports a matrix organization
structure as sketched for a general structure in Figure 8.1e. As Figure 8.1f presents,
the matrix organization structure enables the combination of two principles in the same
enterprise organization: A functional and a divisional approach.
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Logical System Decomposition

Out of these reasons, the “System Domain Logic” is selected as the decomposition philos-
ophy of choice in the context of CUBE, as it not only provides several degrees of freedom
when reusing the SLRA components in different contexts but also suits the understand-
ing of the CUBE process the best, in which the logical systems from the sLRA are the
considered systems on the following decomposition layers. Since the logical architecture
created in this thesis is a reference architecture for multiple system development projects,
the additional effort to create its logical architecture according to the different logical
domains seems reasonable and beneficial when comparing the chances with the risks of
the other approaches.

8.1.2 Modeling sLRA (structural Logical Reference Architecture) as SysML
BDDs

Concerning RQ-3.4 (“How to model logical architectures?”), this section focuses on how
to model the sLRA using the SysML [Obj19]. Since the sLRA describes structural
components, the structural diagrams of the SysML are suited because neither packages
nor the internal structure of a block (which is defined by the sSLRA and used to define
the internal structure later), the BDD is a well-suited diagram for this modeling task,
for this Table 8.2 shows the elements required to describe a static sSLRA in a BDD.

Table 8.2: BDD elements required to describe the logical architecture of a system.

Element | Notation Description
Name

Obligatory Diagram Elements

«block In the sLRA model, a system is

System Syatom i
v modeled as a block in a BDD.

The decomposition of system ele-
ments is modeled in a special kind
Sub- «block» «block» of association: The composition.
System : Subsystem In a composition, the sub-objects
strongly depend on the whole, also
concerning the life cycle [Rum17].

System

Optional Diagram Elements
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Table 8.2: BDD elements required to describe the logical architecture of a system.

An association in a SLRA may have
an association name and, for each
of its two ends, an association role
and a description of the possible
navigation directions indicated by
arrows. If the arrows are now
shown, the direction is unspecified.

If two systems of the sLRA are
in an inheritance relationship, the
"Specialized System’ inherits its
attributes and methods from its
"General System’. The ’Specialized
System’ may modify or add these

attributes and methods as the mod-
General- Gen:f;f;t:tem Qispecigiifjgstem ifiers allow. In addition, the ’Spe-
cialized System’ forms a sub-type
of the ’General System’, which, ac-
cording to the substitution princi-
ple, allows instances of the "Special-
ized System’ to be used where in-
stances of the ’General System’ are
required [Rum16].

Asso- «block»  [association Name «block»
. . System 1 System 2
clation

sl s2

ization

Because the static decomposition only consists of systems and their subsystems, only
two elements from the BDD are required: First, to describe the systems SysML blocks
are suited. Second, to define the logical decomposition of the system, the “composition”
relationship between system components enables the modeler of the sLRA to define
the subsystems of a system. In addition to these two elementary building blocks of a
sLRA model, several other elements are usable to constrain further or extend the model.
One of these elements is the association relationship, which relates several blocks in the
sLRA. Different elements and systems within the SLRA Model can be related using an
association relationship. Since this can lead to particular constraints and complicated
cross-connections that are not necessarily desirable in all variants derived from a refer-
ence architecture, this element should be used with special care when defining a sLRA.
For example, in the context of a propulsion system and a power system of a vehicle,
such a relationship could express the particular relationship between the two systems
(the propulsion system generates the propulsion energy, and the power system provides
the energy in a different form that is converted to propulsion energy) already at a high
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level in the sSLRA. Since the implementation of this relationship is ultimately manifested
in interfaces, which may be defined differently depending on the operating principle ap-
plied, such a linkage also carries the risk that too concrete or contradictory a boundary
condition is applied. Therefore, in such a case, it would not be advisable to additionally
manifest such a constraint in the sSLRA in the form of an association relation. Another
relationship that is helpful when creating for a sLRA model, but is not necessary, is
the inheritance relationship. The inheritance relation makes introducing logical com-
ponents as super components possible, to which several sub-types exist. In particular,
when defining a logical architecture based on the product structure, the generalization
relation is helpful for conflict resolution. For example, an inheritance and association
relationship can resolve the conflict between different energy systems for different en-
gines (combustion engines and electric motors). For this, an energy system could serve
as a general system and specialize into a fuel and battery system expressed by the in-
heritance relation. Combined with the association relation, the constraint is that an
internal combustion engine must be related to the fuel system, and an electric motor
can be formulated to a battery system. In addition to this type of use, however, the
inheritance relation is also valuable for introducing various logical principles in the third
decomposition understanding to divide an ample solution space into several small solu-
tion spaces without necessarily having to create subsystems via a composition relation.
For example, a logical input system within the infotainment system may be specialized
via an inheritance relation by a speech input, screen input, gesture input, button input,
or machine input.

One of the main principles of the kind of sLRA presented in this thesis is that all
elements of the sLRA shall be unique to allow an unambiguous one-to-one mapping
of elements to their executing entity. Thus, a logical component is more of a type
or class for multiple technical solutions. Consequently, redundancy is not allowed or
possible in the structure of the system. This principle assures that all components
provided in the sSLRA are uniquely defined by their name. Thus, no cardinalities on the
relations should be used since a one-to-one relationship is always used in this kind of
diagram. One might argue that this description philosophy cannot describe redundancy
for safety critical systems in [YZW™T21]; however, this is elaborated further for aircraft
design, and a second LRA is introduced with redundancy for those components where
multiple redundant components are required. To distinguish between different redundant
components, they introduce new components with different names and do not increase
the number of cardinalities, which enables a better differentiation based on the name on
a signal level in the IBD derived from the sLRA description in the form of a BDD as
described in section 8.2. To implement this principle in the sLRA model, the cardinalities
of the composition and the association relationships are not allowed, and an implicit one
is assumed at all ends of the relationships.

Figure 8.2 presents an example BDD with a reduced selection of subsystems, describing
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BDD

System -\/

«block»
Vehicle

Composition relation to

’ J model decomposition

«block» «block» «block»
Propulsion Structure Infotainment
N
«block» «block»

Steering Energy
Subsystems

Figure 8.2: An example BDD modeling the sLRA of a vehicle using a reduced selection
of possible subsystems.

the decomposition of a vehicle to its subsystems as part of the sSLRA. In the example, the
system ‘Vehicle’ has the subsystems ‘Propulsion’, ‘Chassis’, ‘Structure’, ‘Energy’, and
‘Infotainment’ modeled by the composition relationship. It is a standard design guideline
in the SysML to combine multiple connectors of the same type into one connector for
better readability.

8.1.3 Behavioral Logical Reference Architecture

In contrast to the sSLRA, the behavioral Logical Reference Architecture (bLRA) describes
the dynamic behavior of a system. In the context of this thesis, the following definition
of a bLRA holds.

Definition 29 (behavioral Logical Reference Architecture (bLRA)). The behavioral or
behavioral Logical Reference Architecture (bLRA) of a system of interest describes the
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behavior of a system component defined in the sLRA. It is derived during or from previ-
ous system development projects, reusable for similar projects, and should facilitate the
system decomposition.

Following this definition, the bLRA describes the joint system states and transitions
for the localization of actions within an operating principle. In this regard, the bLRA
is a reference model consisting of a static and a dynamic part in the context of variabil-
ity. The static part of the state machine i.e., the state and transition space which is
independent of the realized system features is defined by the bLRA, the dynamic i.e.,
the part that changes depending on the realized systems, is derived from the operating
principles.

Since the bLRA describes a system behavior in terms of states and transitions, the
state machine [BCRO07] is a well-suited paradigm to model this aspect of the architecture.
As mentioned in the introduction of this chapter, the implicit knowledge and design de-
cisions from the top-level requirements should become explicit in a reference architecture
[WLRW15]. In the context of bLRA, this means that the dynamic behavior of a system
of a system is describable in terms of a state machine.

Regarding a vehicle’s propulsion, which was also the running example in subsec-
tion 8.1.1, the implicit knowledge about the system states manifests in the different
conditions of the propulsion in which its observed attributes fulfill a specific constraint
(cf. Def. 1). For a logical system definition, it is a good practice to identify these con-
straints by considering the input- and output channels as a black box and defining the
system states to gain a gray-/white-box view of the logical behavior without inferring
too much solution-specific knowledge. Applied to a propulsion system, usually, the fol-
lowing input and output behaviors are observable (in the same sequence for the usual
usage cycle of a propulsion system) at the ports when respecting the propulsion output
and the energy and propulsion request input channels:

1. The propulsion system does not provide propulsion and consumes no or negligible
energy for this task. The system does not react to propulsion requests.

2. The propulsion system consumes energy but cannot respond to propulsion requests
by providing propulsion.

3. The propulsion system reacts to propulsion requests by providing propulsion and
consumes the required energy on the propulsion energy channel.

Together with the knowledge of propulsion systems, these observable states are usable
for a system state definition. In the first state, the system is switched off, leading to the
first state of the bLRA: The off state. The second stage is the running state, in which the
propulsion system provides propulsion as a reaction to the propulsion requests. When
taking the domain knowledge of propulsion systems into account, two additional states
are identified. First, to get from the off state to the starting state, there is an additional
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state in which the propulsion system consumes energy but does not provide propulsion
as a reaction to propulsion inputs. Based on the domain knowledge that this energy is
used to startup and prepare the propulsion system for operation, another system state
follows: The starting state. Following the same argumentation, a stopping state is also
identifiable, only with the knowledge of propulsion systems that a different process is
required to start propulsion from the off state rather than to shut down the propulsion
from the running state. Based on these observations, most states and transitions are
defined. Only the triggers are missing. The system requires a startup trigger from
an external system to start the propulsion. The only constraint is that the propulsion
system is ready to be started up (i.e., the propulsion system does not have any errors
preventing it from starting up in the past). Taking this transition, additional activity
might be required to initiate the startup process. No external system is required to come
from the starting to the running state, so the transition appears spontaneous from the
outside. When looking at the condition for this state transition, it is observable that the
system must be successfully started up in order to take this transition. From running to
stopping, a shutdown trigger is required, which analogously to the startup trigger shuts
the system down and stops its operation. Again, the transition between stopping and
off state appears spontaneous from the outside since no other external trigger and only
the condition that the system successfully stopped is required for this state change.

Two other bLRAs are possible from a modeling perspective. First, the starting and
stopping states could be omitted, and the starting and stopping processes could be
modeled either as activities on the state transitions or internally as part of the entry
and exit conditions when entering or leaving the state. Second, the startup and stopping
states could be merged to the same state since the externally observable behavior is the
same when disregarding the domain knowledge that starting and stopping propulsion
requires different transition processes. For the running example used in this chapter, the
understanding described above was preferred over the other two options, as the resulting
bLRA not only results in a didactically more appealing model but also represents the
most sophisticated view of the system as a higher number of states and transitions is
modeled.

When implementing the logical architecture of the propulsion system, not all of these
states and triggers must necessarily be implemented in a one-to-one mapping of the
logical representation of the product implementation. A modern diesel engine, for ex-
ample, has an almost one-to-one mapping of the states from this bLRA to their operating
states. In the off state, the combustion engine is switched off. To turn on the engine,
the driver presses a start button to start the engine automatically. Depending on the
outside temperature, the engine automatically enables glow-plugs to preheat the engine
as a cold-start aid. Afterward, in the actual starting state, the engine uses an electric
starter to start up the engine. It automatically switches to the running state when the
engine runs without needing an additional starter engine. When running, the engine
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reacts to the driver pressing the throttle by providing torque and consuming diesel from
the vehicle’s fuel system (serving as an energy system). As soon as the driver presses the
on/off button again, the propulsion stops the combustion and stops the engine. Mod-
ern engines sometimes start a cooling fan at a standstill depending on the whether to
increase the engine lifespan before reaching the off state. It is not that the startup and
the shutdown triggers are the same triggers from a driver’s perspective. However, they
might be mapped to different signals sent to the engine depending on the internal in-
terpretation of the button press event. Another valid technical implementation is, for
example, the jet engine, having a much more complicated startup and shutdown process
[CM93], or electrical engines with almost no startup and shutdown operations required.

8.1.4 Modeling the dynamic behavior in the LRA as State Machine
Diagrams

Respecting RQ-3.4 (“How to model logical architectures?”), this section defines how
to model the dynamic part of the LRA that is concerned with executing the operating
principles in the context of the logical architecture components. To this end, the following
elements are required as described in Table 8.3.

Table 8.3: STM elements required to describe the behavioral part of the logical architec-
ture of a system.

Element | Notation Description
Name

Obligatory Diagram Elements

State Machine A state machine is a modeling ele-
ment for state machine models. It
represents behavior in terms of a
system’s transitions and states.

According to Def. 6, a state de-
scribes a system’s condition in
State which its observed attributes fulfill
a specific constraint for a meaning-
ful time.

State
Machine

222



8.1 A LOGICAL REFERENCE ARCHITECTURE FOR ELEMENT ALLOCATION

Table 8.3: STM elements required to describe the behavioral part of the logical architec-

ture of a system.

/ State \

States may have entry activities
that the state machine executes

State when the state is entered, do ac-
Activi- dot/ d;’ACTVi;Vf . tivities the state machine executes
ties exnjex'\tAc\ilvity ! while in the state, and exit activi-

ties the system executes when the

state machine leaves the state.
Tnitial An initial state declares the first
Pseu- . state to be visited in a state ma-
dostate Initial chine (or region).

The final state marks the last
Final state a state machine (or region)
Pma @ must reach for execution comple-
dse‘ll_t Final tion. When this state is reached,
ostate the state machine is stopped, and

all tokens are destroyed.

Models a lifecycle connection be-
Teansi tween two states based on their op-
u anst- T”gger[euard] /Eﬂw erational conditions. A transition
ron may include a trigger, a guard (con-

straint), and an effect (activity).

Optional Diagram Elements

Entry/ Entry/Bit Each state may have entry and exit
Exit EntryPoin ExitPoint pOintS'

A state machine may have regions

containing states, pseudostates,
Region and transitions. Regions are a

[Region2]

means of defining nested states and
transitions.
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Table 8.3: STM elements required to describe the behavioral part of the logical architec-
ture of a system.

History is pseudostates that serve
to model points where reentering
the last state of a state machine

. @ @ owning region that was active prior
History o . .

) to its interruption is possible. The

State History Deep :
History SysML defines two types of history
states depending on the inclusion of
the sub-states: Shallow History (H)
and Deep History (H*)

When a state machine reaches a
. terminate node, the current execu-
Terminatq >< tion path is terminated, but the
Node Terminate state machine (or region) continues
operating.

A choice node is a pseudostate that
decides which outgoing transition is
. Choice taken based on an evaluation of the
Choice ) .
Node constraints attached to the transi-

tions. The choice is made after the
state machine reaches the choice
node.

A junction declares a decision point
at which a Transition may branch
) out into multiple guarded, alterna-
Junction . tive paths between states. In con-
State Junction trast to the choice node, the deci-
sion on which path to take is made
before the junction is visited.

Table 8.3 differentiates between two types of elements. The obligatory elements and
the optional elements. The obligatory elements are not required i.e., obligatory to be
used in each diagram describing a bLRA, but need to be part of the repertoire of a
systems engineer defining a bLRA. To model a state machine, the state machine element
is the first and most important element to define the context and environment of the state
machine. Moreover, states and transitions are required to model a system’s states and
their transitions between the elements. Transitions have a trigger, guard, and effect as
specified in the SysML [Obj19]. A trigger defines the event, signal, or input that triggers
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the state change specified by a transition. The guard constraints the applicability of
the transition. Only if the constraint from the guard is fulfilled can a state change
be performed. Finally, the effect specifies an activity that is performed during the
state change. Note that all elements in the transition are optional and can occur in all
combinations. Moreover, UML [Obj17] and SysML [Obj19] allow multiple triggers to be
drawn at the same transition as a shorthand notation for multiple transitions with the
same guard and effect but different trigger. In addition, the initial and final pseudostates
define a state machine’s initial and final state. Specifying the actions that are executable
within a state and entry, do, and exit activities are also part of the obligatory elements
of the methodology presented in this thesis. Note that entry and exit states are already
syntactic sugar since they can be modeled using effects at transitions [KS10]. A vast
spectrum of possible bLRAs are expressible using these elements. In addition to these
elementary elements, also Table 8.3 provides some optional extensions from the SysML
for the specification of a bLRA as syntactic sugar.

Semantically, the state machines as specified in the SysML are based on Mealy [Mea55]
and Moore [Moo56] automata. The semantic interpretation of the automaton remains
unchanged from the definitions provided there for simplicity of the description. For more
insights on the semantics and implications for UML state machine [BCRO7], the semantic
definition and semantic differencing [DEKR19], or matching and merging [NSC*07], the
referenced sources should build the context for the semantics definition used in this

thesis.
Q
STM
State
PropulsionStart / Starting N
[propulsion is available] /
initialize Startup do/ ) [propulsion is initialized]
7\ startup Propulsion
‘ Effect Guard
/> InitiaN Running

Initial/Final do/
Pseudostate

providePropulsion

Final / Stopping \

[propulsioniS/O-fy\ do / stop Propulsion

Transition

PropulsionStop<~ Trigger

doActivity

Figure 8.3: An example STM modeling the bLRA of a propulsion system.

Figure 8.3 presents an example STM modeling the bLRA of a propulsion system. The
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STM describes the internal behavior of the ‘Propulsion’ System specified in Figure 8.2.
Initially (and finally), the propulsion system must be switched off as indicated by the ini-
tial and final pseudostates. When a ‘PropulsionStart’ trigger is received, the propulsion
system is ready (indicated by the ‘PropulsionReady’ guard), and the propulsion system
shall ‘initStartup’ to initialize the startup of the system and change to the ‘Starting’
state. This state describes the state in which the propulsion starts up. The concrete
action performed during this stat is modeled in the ‘doStarting’ activity. When the
startup is finished, indicated by the fulfillment of the ‘[PropulsionSystemRunning]’, the
system may switch to the ‘On’ state, which describes the behavior of the propulsion sys-
tem when the propulsion is running. As soon as the system receives a ‘PropulsionStop’
trigger, which indicates that the propulsion system is required to stop its functionality,
the system shall go to the ‘Stopping’ state. This state models the stopping procedure
of the propulsion system in the ‘doStopping’ activity. Finally, when the propulsion is
stopped, as indicated by fulfilling the ‘[PropulsionOff]’ guard, the propulsion system
shall re-switch to the off state.

8.2 Generating Logical Architectures from Operating Principles

The transformation between operating principles to logical architectures was already
published in [GKM™25].

8.2.1 Modeling Process for Semi-Automated Logical Architecture
Generation Based on Operating Principles

Feature dependencies are one of the main challenges and a major source of erroneous
and deficient behavior in automotive systems [VF13]. Thus, one of the core tasks of
the development of a feature realization in the logical architecture is the identification
of the work-split and further subsystems of the system development process [GKM™25].
Even when assuming that, the subsystems are already defined in the LRA, an executing
element for each action in the architecture is to be identified for a complete system
specification. For this purpose, there must exist an unambiguous mapping of all actions
from all operating principles to their executing element from the LRA [GKM™'25]. As
a result, only one component from the LRA is allowed to execute an action, to assure
that an unambiguous mapping of all inputs and outputs required to execute this action
is possible.

Considering the propulsion examples from the previous sections, this means that for
each step of each action required to get propulsion, a systems engineer needs to identify a
system capable of performing this action to specify an operating system. So, for example,
the action to ‘provide propulsion energy’ might be allocated to the ‘Propulsion System’,
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the action to ‘provide energy’ to the 'Energy System’ from the LRA. If multiple mapping
of actions to systems was allowed, a systems engineer might also allocate propulsion
energy to the same system, the ‘Propulsion System’. The problem is that it is no
longer possible to differentiate the interfaces between the systems. Since the ‘provide
propulsion’ action requires energy as input and returns another form of energy, the
propulsion energy, it is still being determined which of the two systems provides or
requires which interface. By allocating the actions to a single system only, this conflict
is resolved, and it becomes clear that the 'Propulsion System’ provides the propulsion
energy as an interface and requires the energy for this task from the ‘Energy System’
that must provide this energy. By following this approach, two steps are assured: First,
by allocating all actions to their executing element in the LRA, the actions become
traceable to the systems responsible for the execution, and the automation from the
next section is enabled. Second, the operating principle is rechallenged, as an action
that cannot be uniquely mapped to an executing element must be further decomposed
until a unique mapping is possible. Concerning MR-5, the semi-automation proposed
in this section is not a redundant task but some additional effort that could serve as a
starting point for further automation.

With respect to the efficiency of the system development process, however, there is
still room for improvement. One of the most significant aims of the development would
be an automated assignment suggestion and a logical architecture definition. Because
of the ambiguity of natural language and the different philosophies on decomposing the
logical architecture as described in subsection 8.1.1

In principle, this generation method can also be used to generate the technical archi-
tecture since the technical architecture model consists of the same model elements: parts,
ports, and connectors. The only requirement for generating a correct technical architec-
ture with the derivation proposed in the following sections is that technical interfaces
from the technical architecture must be part of the operating principle. Consequently, an
operating principle used to generate a technical architecture is no longer solution-neutral
since, for example, concrete communication channels or energy forms must already be
part of the operating principle. As a result, when considering the technical architecture
of a drive system, all final interfaces must be known in advance, which is unrealistic in
an industrial development project and a stumbling block for innovation and reuse since
all these interfaces must be the same in all development projects, variants, and products.

8.2.2 Modeling Logical Architectures

Respecting the modeling aspect from RQ-3.4 (“How to model logical architectures?”)
this section provides the elements required for the definition of a logical architecture.
For this, subsubsection 8.2.2 introduces guidelines and modeling elements for modeling
the structural elements of the logical architecture. In addition, subsection 8.1.3 explains
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the models and constraints for a behavioral model.

Modeling the Architecture Structure as IBD (SysML Internal Block Diagram)

The logical architecture models an inside or white-boy view of a system, defining its
subsystems and elements.

Table 8.4: IBD elements required to describe the logical architecture of a system.
Element | Notation Description
Name

Obligatory Diagram Elements

A part property is a property of
a block that has another block as
type, which is part of the block in-
dicated by a composition relation-

Part ship. By using parts in an IBD, a
Prop- name: Type white box view is created. Since
erty the logical architecture, in contrast

to the technical architecture, ab-
stracts away from redundancy, all
elements of the LRA shall only be
instantiated as part property once.

According to [Obj19], ports define
points to enable external entities

portName: «proxy» «full> to connect to and interact with a

Type pro[ﬁi’ ort fu[II_Plort block in different or more limited

L L ways than connecting directly to

Port name: Type the block itself. The SysML con-
sists of multiple ports. Ports are

T @ o properties with a type specifying

o: InlF p: OutlF o: INOUtIF features available to the external

entities via connectors to the ports
[ODbj19].
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Table 8.4: IBD elements required to describe the logical architecture of a system.

A connector establishes a commu-
nication link between two parts
(since ports are also Parts, they
are the most important use case for
D D connectors in the Logical Architec-
ture) and enables an interaction be-
tween those parts.

Connect— p1: T pZ: T
or

Item flows are a means of specify-
ing things that float between blocks
and/or parts across associations or
Item Conveyeditem connections [Objl9]. For better
Flow pL:T p2: T traceability, item flows can be con-
P «flow» P nected to object nodes from activ-
ity diagrams specifying the operat-
ing principle of the flow.

Table 8.4 describes the elements required to model a logical architecture of a system
in the form of an IBD. Most importantly, the part property describes the elements in
a logical architecture. As mentioned in Table 8.4, all properties that are part of the
logical architecture of a system must also be connected in the LRA of the system. By
this, it is assumed that the logical system architecture diagrams are always derived from
the LRA and describe a white box view of the considered system. As important as the
part properties, the ports also play an essential role in the definition of a logical system
architecture since they describe the interfaces of a system. There are different types of
ports defined in [Obj19]. The first type summarizes a usage pattern where ports act as
proxies for their owning blocks or its internal parts (proxy ports) [Obj19], and the second
type identifying ports specify separate elements of the system (full ports) [Objl19]. As
[Obj19] defines, a proxy ports defines a boundary by specifying which features of the
owning block or internal parts are visible through external connectors. In contrast, a
full port according to [Objl9] defines a boundary with their features. From a usage
point of view, proxy ports are always typed by interface blocks which are specialized
kinds of blocks that have no behaviors or internal parts [Obj19]. In contrast, full ports
cannot be behavioral in the UML sense of standing in for the owning object because
they handle features themselves rather than exposing their owners’ features or internal
parts of their owners. Ports not specified as a proxy or full are called “ports” [Obj19].
Despite of the differences, the SysML aims at enabling modelers to chose between proxy
or full ports at any time in the development lifecycle, or not at all, depending on the
applied methodology [Obj19]. Finally, the connector and flow properties are required to
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model the connections between the interfaces between the systems.

8.2.3 An Example Logical Architecture of a Transportation Task

«block»
Vehicle
: Structure : Infotainment : VehiclelnfolF r
i =]
: Chassis - Powertrain : GearSeIectionIF'_
<]
T T T
: SteeringCommandIF | : BrakeCommandIF : AccelerationCommandIF
LT LT LT

Figure 8.4: An example IBD modeling the logical architecture of a simplified vehicle
system.

Figure 8.4 presents an example IBD describing the logical architecture of a simplified
vehicle system. The vehicle consists of the same elements defined in the sLRA defined
in Figure 8.2. However, not only are their blocks used in this view, but concrete part
properties represent concrete instances of these blocks. In the architecture presented
in this figure, all systems are mounted to the structure as indicated by the different
mount ports. Since all connections shall be based on material connections, they convey
a material as datatype, even though no material will constantly flow between those ports
in the final system implementation. Moreover, the energy system provides drive energy
to the propulsion and operation energy to all other systems required to provide their
kinematic or electromagnetic behavior.

It is easy to imagine that the diagram is no longer readable for a complete vehicle
specification since thousands of ports are connected between the different system ele-
ments. To prevent this and keep the diagrams readable, it is a good practice to create
multiple views on the vehicle system based on an external criterium. Following the dif-
ferent CUBE layers, it is, for example, possible to create a diagram for each feature or
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stakeholder value, operating principle, or logical architecture element. In practice, these
views are usable for a specific stakeholder, but only a few are easy to understand. As a
result, the methodology used to generate these diagrams should be capable of creating
multiple views depending on the reader’s needs.

8.2.4 Transformation Rules from Operating Principles to Logical
Architectures

The transformation described in this section takes one or more operating principles as
input and produces a logical architecture based on an element allocation from the ac-
tions in the operating principle to the executing element from the sLRA as described
in subsection 8.2.1. Therefore, the operating principles must comply with the modeling
constraints and guidelines formulated in section 7.1. In addition to these syntactic mod-
eling rules, all actions in the activity diagrams modeling the operating principles must
ensure that all elements are mapped to an executing element from the LRA [GKM™25].
Furthermore, it is required that the mapping of action to the executing element must
be unique (i.e.,, it must be ensured that an action is only executed by one element from
the logical architecture).

When these preconditions are fulfilled, the transformation is based on six compara-

LRA::System
LRA::System
namespace
( Operating Principle
: Executing
Element
LRA::
Tk _||_ e Executing Element
«allocate» (from LRA)

(a) Transformation rule for action execution in the logical architecture based on [GKM™25].

( Operating Principle \ LRA::System
namespace
! al:T a2:T !
| «allocate» l«allocate» A :B
\J/ al: T a2:T
(from LRA) (from LRA)
LRA::A LRA::B

(b) Action interface transformation rule creating interfaces for actions connected with an object
flow based on [GKM™25].

Figure 8.5: Transformation rules from operating principles to logical architectures.
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(c) Feature interface transformation rule to connect features using parameters provided in other
features in the logical architecture based on [GKM™25].

«block» «block»
LRA::System LRA::System
Operating Principle namespace namespace
/
(3415 o A
| T a:T a:T a: a:T
: (from LRA) (from LRA)
I

[ «block» |z _____ J
«allocate» LRA::A «allocate»

(d) Input/Output rule to create system interfaces for objects that are not provided by other
features based on [GKM™25].

Figure 8.5: Transformation rules from operating principles to logical architectures
(cont.).

bly simple formal transformation rules, as described in the section. To perform the
transformation, the rules are applicable to the operating principles returning the logical
architecture. Since the transformation rules only require the existence of the elements of
each rule for a mapping to the logical architecture, all other elements from the AD are
usable in the diagrams for the transformation but not regarded in the transformation.
For the transformation, the following rules exist that draw on and extend the concepts
[GKM™25] presented:

1. Execution Rule: Figure 8.5a presents the first rule, which describes that the LRA
component, an action is allocated to, executes this system. Following this rule,
a system that needs to perform this action to implement the operating principle
requires the LRA component for the execution. Consequently, the logical architec-
ture of the system requires this executing element to perform this action.
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(e) Feature interface transformation rule to connect features using signals provided in other
features in the logical architecture

LRA::System LRA::System
Operating Principle Operating Principle namespace namespace
/ Bl A / A -]
a:T a:T aT a:T aT |aT
(from (from
1 1 LRA) LRA)

(f) Input/Output rule to create system interfaces for signals that are not provided by other
features based on [GKM™25]

Figure 8.5: Transformation rules from operating principles to logical architectures (cont.)

2. Action Interface Transformation Rule: This rule as presented in Figure 8.5b de-
scribes how to regard the object flows to or from an action in the LRA. Therefore,
the rule states that if two actions are allocated to different elements ‘A’ and ‘B’
from the LRA and have an object flow between two action pins ‘al’ and ‘a2’ with
the same or a compatible type ‘T’, the information flow is part of the resulting log-
ical architecture [GKM™25]. In the logical architecture, this is expressed by ports
with the same name, type, and direction as Figure 8.5b presents. Because the
SysML specification [Obj19] allows multiple ways to specify activities and param-
eters as well as several ways for port specification, this rule has the precondition
that the ports are typed with an interface block ‘T’ having ‘al’ respectively ‘a2’
as flow property and the same direction (in-going/outgoing) as indicated by the
object flow [GKM™25].

3. Feature Interface Transformation Rule: Figure 8.5¢ presents a rule to resolve inter-
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feature dependencies during the logical architecture generation. These interdepen-
dencies are caused since the feature operating principles are not stand-alone but
connected in the dynamic part of the LRA as described in subsection 8.1.3. The
rule resolves these dependencies by connecting the systems allocated to actions in
the context of different activities in the logical architecture. If an ‘Actionl’ has an
action pin connected to an outgoing parameter of its ’Operating Principle 1’ activ-
ity and there is a second activity, ’Operating Principle 2°, which has an action pin
connected to an ingoing parameter and both operating principle activities are con-
nected in invoked actions allocated to different elements ‘A’ and ‘B’ from the LRA,
then ‘A’ and ‘B’ are connected in the generated logical architecture [GKM™25].

. Input/Output Rule: Since every object, modeled in an object flow, must have a

source, the rule that Figure 8.5d presents creates interfaces to the systems envi-
ronment to get this information from external sources.

. Feature Interface Transformation Rule for Signals: Figure 8.5e presents a rule to

introduce channels into the logical architecture to realize the communication via
send signals and receive signals. With the introduction of this rule, this thesis ex-
tends the concepts [GKM™25] presents to make the rules applicable in the context
of the concepts this thesis additionally introduces in Table 7.1. The application is
comparable to the rule in Figure 8.5c.

. Input/Output Rule for Signals: As for the object flows. Also, each sent or received

signal needs a provider and a recipient. Thus, Figure 8.5f introduces a transforma-
tion rule to introduce additional channels to or from the environment for all signals
not used or provided within the system. As the interface transformation rule for
signals, this rule extends the concepts from [GKM™25] to make them applicable to
the concepts this thesis additionally uses in Table 7.1. Apart from this distinction,
the application is analogous to the rule Figure 8.5d presents for object flows.

Since these rules rely on several restrictions and assumptions, several implications arise
from the transformation rules, as also discussed in [GKM™25]:
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e The first rule implies that allocation actions to executing elements are only possible

(and allowed) if the element is a subsystem of the currently regarded system. While
this implication matches the understanding of CUBE as described in section 3.1,
this implication might be too strong for the general application of the transforma-
tion rules in other contexts. In these cases, it might be possible to reformulate the
rule such that a new ‘Supersystem’ is introduced for executing elements that do
not have an (e.g., as they are the root element of the LRA).

From the second rule follows that object flows between actions allocated to the
same LRA element is not regarded in the logical architecture (as no interface
between the sub-elements will be generated) and, therefore, not visible in the
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logical architecture. Knowing which objects are available in the subsystems is a
good indicator for allocating new actions, so generating a list of available objects
for each component is also a good practice. With this list of ‘capabilities,” the
systems engineer that allocates new actions to systems is aided in the decision-
making process. An advanced implementation could also use this for automated
element allocation for an automated error correction or computer-aided system
design.

e The rules only transform the existing operating principles to a logical architecture
based on the object flows modeled in the operating principles activity diagram and
the allocation of action to elements in the LRA, without any assurance of addi-
tional constraints to the validity of the input models. Especially in the context of
the third transformation rule, this might result in errors since all elements created
there are based on the inputs from other operating principles often developed by in-
dependent feature teams. Common mistakes are e.g., that a port receives multiple
inputs from different systems. Therefore, the resulting logical architecture might
consist of illegal port connections that must either be later found and resolved in a
validation phase of the logical architecture or corrected upfront by validating the
operating principles. Since the logical architecture needs to be regenerated in the
first approach, the latter approach is preferred over the first one.

e Finally, the implications from the fourth rule may lead to resulting architectures
that need to be reviewed again. Since the fourth rule interprets all unconnected
activity parameters as system interfaces, forgotten or falsely modeled objects from
an object flow might also become system interfaces. While the general approach
of making everything that cannot be provided within a system a system interface
allows high reuse of the features concerning MR1 and is technically correct (since
not provided objects must inherently be provided from the system environment)
[GKM™25], it must be assured that this information is and can be provided to
the system by the system environment. Consequently, this must also be assured
upfront or after the logical architecture generation in the validation phase of the
generated logical architecture.

Since an automated application of these rules is possible, the requirements from MR3-5
follow from the design of the transformation rules [GKM™25].

8.3 Applying Logical Architecture Models to Efficiently Design
Automotive Systems

As an applicability evaluation of the methods in this chapter, this section presents sev-
eral results from the application of these methods in the disclosed Epsilon, Delta, and
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Zeta automotive projects and relates them with the publicly available VTOL models
from [JGWT21]. To this end, this section provides methods and insights for the gen-
eration of natural language requirements similar to the application results section 6.4
presented for stakeholder values and subsection 8.3.1 provided for operating principles
in these projects. Moreover, this section provides additional application insights on the
architecture generation method section 8.2 presents in the context of its application in
the Zeta project.

To achieve these aims, subsection 8.3.1 provides a generation method for the generation
of static system and interface requirements in natural language, as well as dynamic
state machine models that relate the feature operating principles with the system states
and its transition in the bLRA according to the method section 6.4 presents. In the
process of evaluating the correctness of the generated requirements, this section again
applies the evaluation scheme subsection 6.4.2 presents to evaluate the applicability of
the natural language requirement generation method in the Delta, Zeta, and Epsilon
projects as well as on the VTOL model from [GKST21] in subsection 8.3.2. Since the
document-based documentation from the system the Epsilon project did not provide
legacy requirements for the logical architecture as a reference, but provides a technical
architecture specification subsection 8.3.3 investigates whether the interface and system
requirements are also applicable to derive correct and complete technical architecture
requirements using the document-based specification the Epsilon project as an input
and the VTOL model [JGW'21] as reference implementation. Finally, subsection 8.3.4
presents the insights and lessons learned from applying the logical architecture generation
method subsection 8.2.4 introduced in the Zeta project.

8.3.1 Generating Textual System and Interface Requirements using Logical
Architecture Diagrams

Using the transformation rules [Zab23| presents, a generation of textual system and
interface requirements and behavior requirements in a system state machine is possible.
As for the generation of stakeholder value and operating principle requirements, the
transformation templates rely on the SPECTRE template (cf. Figure 5.1) and insert the
respective parts of the IBD and the STM in the according places in the template. As an
extension to this process, section D.3 and section D.4 provide additional transformation
rules for which this section provides an evaluation.

Generating Textual System and Interface Requirements using IBDs (SysML
Internal Block Diagrams)

Since the logical system architecture only uses and provides objects according to the
features the operating principles describe, most of the requirements and generation
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templates are analogous to the templates subsection 7.3.1 provides. Consequently, the
behavioral requirements on the logical architecture and the operating principle layer
are identical if the system is decomposed according to the feature split (cf. subsubsec-
tion 8.1.1).

2 ge <out>:<Type>
: <Providing System>

J

The <Providing System> shaII provnde ] [ the <Receiving System> ] [ with <out> of type <Type>. ]

: <Receiving System>

SPECTRE

Constraint

Figure 8.6: A straightforward transformation that inserts the names of the systems and
ports of the internal block diagram elements in the corresponding fields of
the SPECTRE template (cf. Figure 5.1).

From a structural point of view, the requirements are derivable following a similar
intuition as for operating principles as subsection 7.3.1. As Figure 8.6 depicts, the basic
intuition for requirements describing the logical architecture follows the object flows in
the IBDs. Thus, a providing system provides data, material, or energy according to the
functional modeling paradigm that section 2.3 presents at a named port to a receiving
system at its port with name and type. Consequently, the respective requirement is
derivable as in Figure 8.6. Following the same idea, a similar requirement is derivable
for the receiving system that receives data, material, or energy at a named port from a
providing system.

As subsection 7.3.1 already discussed, the first template of Table 7.7 provides the sys-
tem execution requirement this section delegated to the logical architecture templates.
As section 8.2 describes, these interfaces rely on the definition of the logical architecture
and are therefore derivable using the transformation rules Figure 8.5 defines. Also, the
system requirements might be split according to the process structure model Figure 3.3
describes, Table D.3 contains a requirement for each port of the architecture—one for
sending the object, and one for receiving the object. The application of the rules Ta-
ble D.3 provides results, for example, in the following requirement to address the ‘Inform
the driver about environment and driving state’ action in the ‘Infotainment’ system.

Example 16 (Logical Architecture SPECTRE Requirement for the ‘Inform the driver
about environment and driving state’ action in Figure 7.1b). The ’Infotainment System’
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shall Inform the driver about environment and driving state providing ‘vehcilelnfo’ of
type ‘Data’.

As an interface requirement, this would then, for example, lead to the requirement:
Example 17. The Vehicle shall provide the Driver with the ‘vehicleInfo’ of type ‘Data’.
For the driver, the respective requirements would be generated.

Example 18. The Driver shall receive the ‘wvehicleInfo’ of type ‘Data’ from the Vehicle.

Generating Textual System and Interface Requirements using STMs (SysML State
Machine Diagrams)

Because the STM in the logical architecture model is a crucial model for the behavior
specification of the logical architecture, the thesis in [Zab23| implemented six templates
to address the Table 8.3 provides for the specification of system behaviors in the log-
ical architecture. Based on this thesis, Table D.4 provides improved versions of these
templates and further templates to address the concepts Table 8.3 provides. The other

<System> STM )

do:.<doAction>

T

Substantive

(s ong s | e ) <systems ][] st | <sate> ) ene ) (<system> ) (st o )[<doetins

Figure 8.7: A straightforward transformation that inserts the names of the systems and
states of a state machine diagram in the corresponding fields of the SPEC-
TRE template (cf. Figure 5.1).

templates for natural language requirement generation from system requirements only
apply to the generation of grammatically correct requirements if the system modelers
follow additional naming conventions for states and transition guards.

The application of the rules Table D.4 provides results, for example, in the following
requirement to address the startup of the propulsion system.
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Example 19 (Logical Architecture SPECTRE Requirement for the ‘Starting’ state in the
propulsion state machine Figure 8.3). As long as the Propulsion System is in the state
‘Starting’, the ‘Propulsion System’ shall ‘startup Propulsion’.

To enter this state the system requires the following relation:

Example 20. As soon as the Propulsion System receives the trigger ‘PropulsionStart’
AND the Propulsion System is in the state ‘Off” AND propulsion is available, the Propul-
sion System shall enter the state ‘Running’ AND initialize startup.

Moreover, the propulsion must be initially in the off state:

Example 21. As soon as the Propulsion System becomes operational, the Propulsion
System shall enter the state ‘Off .

8.3.2 Correctness Evaluation of Generated Logical Architecture
Requirements in Model-Based Projects

As a demonstration of the application of the method to derive correct natural lan-
guage requirements from logical architecture models, this section presents an evalua-
tion of the generated requirements in the context of the Zeta, Delta, VT OL publication
in [JGWT21], and the models in the Epsilon projects based on evaluation results [Zab23]
presented for the Zeta and Delta project, and new results for the VIOL and Zeta
projects. The evaluation was conducted using the same evaluation scheme (cf. subsec-
tion 6.4.3) and evaluation process as for the stakeholder value and operating principle
requirements in subsection 6.4.4 and subsection 7.3.3. Note that the Epsilon and VTOL
model in [JGW*21] do not provide a state machine to describe the system behavior on
the operating principle. Therefore, the evaluation results in these projects focus on the
interface and activity requirements, which requires that the transformation templates
from Table D.3 be generated for the system.

The evaluation results in Figure 8.8 show a project-independent trend for generat-
ing correct requirements on the logical architecture level. Therefore, the overwhelming
majority of the natural language requirements are usable in the projects without any
correction, as the generation method from Table 7.7 resulted in correct requirements in
most cases. Figure 8.8d is the only outlier of this trend, as though a significant major-
ity of the requirements are correct in natural language representation, but a group of
incorrect requirements remains.

As the further error classification in Figure 8.9 depicts, most of these errors are com-
parable in all projects and often result from errors already present on the previous
abstraction level. The most significant cause of errors in the generated natural language
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Figure 8.8: Correctness evaluation results of the logical architecture requirements gener-
ated in the Zeta, Delta, VTOL, and Epsilon projects.
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requirements was caused by grammar and spelling errors, as Figure 8.9a depicts. The
next most significant group of errors then resulted from wrong parameters, from which
most propagated from the errors in operating principle models. However, some only
became evident on this level, as the reviewers could apply their implicit knowledge of
the LRA that a specific system may not receive or provide a specific object. As a result
of these findings, additional implications on the LRA can be drawn e.g., that additional
constraints might be beneficial to make this implicit knowledge explicit. For example,
to describe and automatically check that only the ‘Energy’ shall provide energy to other
systems or that the ‘Infotainment’ system shall not provide control commands to the
‘Propulsion’ System. As Figure 8.9a shows, the violation of the guideline AN1 Table 7.7
of some modelers in the Zeta also propagated to this abstraction level and caused the
errors in the ‘Action formulation guideline violated’ class. Furthermore, some misuse
cases from the stakeholder value also lead to wrong actions on the logical architecture
level in the ‘Wrong Action’ class. Interestingly, not all wrong actions reached this level,
as the modelers on the operating principle level recognized this error and decided not
to allocate these actions to a system. Finally, the requirements in the ‘Wrong Action’
and ‘Wrong Type’ classes also resulted from errors on the previous abstraction level. As
the reduced number of requirements in the ‘Wrong Action’ class reveals, some modelers
noted their errors and did not allocate them to an executing system. In contrast, other
actions were wrong in the context of their executing feature but correct when considered
on the system level.

In the Delta project, most erroneous requirements resulted from grammar and spelling
mistakes, as Figure 8.9b depicts. Moreover, one erroneous action from the operating prin-
ciple level (cf. Figure 7.4b) that a default name the modeling tool caused also propagated
to this level, leading to the ‘Wrong Action’ error.

The same observation is possible in the VTOL project (cf. Figure 8.9¢c), where all
errors propagated from minor grammatical errors in the names of the actions on the
system level. As the publication does not contain a state machine to describe the logical
system behavior, no additional errors in these requirements were introduced.

Finally, as Figure 8.9d depicts, also all grammatical errors in the operating principle re-
quirements lead to erroneous system requirements. Furthermore, the modelers expressed
underspecification in defining types by omitting the type at the port. Because this leads
to erroneous requirements and misleading architecture models, it is a good practice to
use general types as the functional modeling paradigm provides (cf. section 2.3) in these
cases.

In conclusion, the analysis of the natural language requirement concerning their cor-
rectness reveals that a derivation of correct logical architecture requirements using the
templates and guidelines from Table D.3 is possible. Moreover, the generated require-
ments also aid the modelers in uncovering minor errors in the model; however, because
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of the low percentage of errors in the models at this abstraction level, detecting these
errors in the models might be more efficient in the considered projects.

8.3.3 Completeness and Transferability Evaluation of Generated Physical
Architecture and Interface Requirements in Model-Based Projects
compared to a Document-Based Specification

Because the document-based specification of the system in the Epsilon system did not
contain a logical architecture but directly mapped the actions from the operating prin-
ciples to their realizing components, this section uses the same templates for natural
language requirement generations from the logical architecture to generate requirements
for the technical architecture. By this, this section not only aims at answering the
question of whether a complete set of natural language requirements is derivable from a
SysML architecture model but also to gain additional insights on the transferability of
the methods this thesis provides for the logical architecture in the context of the physical
architecture specification, which is outside of the scope of topics this thesis investigates.
Regarding the logical architecture, however, no definite answer is possible based on these
results.

As the modelers in the Epsilon project modeled this technical architecture based on
the product documentation, this thesis adds the following template to the templates
Table D.3 based on previous works in [Zab23] and uses them to generate natural language
requirements for the project architecture.

Template 1. The < TechnicalComponent> shall realize the <LogicalSystem>.

Moreover, using the templates from Table D.3, additional requirements from imple-
menting the actions from the operating principle must also be generated for the technical
component. Using the same process as in subsection 8.3.2 requirements, engineers first
evaluated the correctness of the derived requirements according to the evaluation scheme
in Table 6.4. In comparing the enclosed requirements with publicly available models,
the same method was also applied to the technical architecture in the VITOL model
from [JGW*21] to provide comparable examples for other researchers.

As Figure 8.10 reveals, most of the generated requirements in both projects were
correct. However, some requirements with grammatical errors that resulted from minor
grammatical errors in the action specification of the operating principles also propagated
to this abstraction level. Moreover, the underspecification of the types in the logical
architecture leads to undefined types in the technical architecture, as the modelers needed
to derive these types from the provided documentation. Because these model errors are
not a methodological weakness but caused by known issues, the results in Figure 8.10
show that the templates from the logical architecture are transferable to the technical
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architecture of the considered projects and suited to derive correct natural language
requirements.

As the further error classification in Figure 8.11 reveals, all of the errors in the VTOL
project result from minor grammar and spelling mistakes that are easily correctable.
In the Epsilon project, however, the error classification reveals that the grammar and
spelling mistakes are only responsible for the minority of errors in the generated require-
ments. In contrast, most of the errors result from unspecified types at the ports of the
technical architecture. Although this form of underspecification would not be problem-
atic at many other parts of the system architecture, this might become an issue for the
technical architecture, as this architecture determines the actual implementation of the
system for which a detailed and refined specification of all implemented elements is not
only beneficial but also required. Therefore, the systems engineers of the Epsilon project
should spend additional effort on correcting these requirements and investigating why
the types of these ports in the technical architecture were unspecified. Consequently,
the errors are comparable in all projects and often result from errors already present on
the previous abstraction level.

To further evaluate the completeness of the generated requirements for the technical
architecture, the reviewing requirements engineers mapped the results of the natural
language specification to the legacy requirements of the document-based systems engi-
neering process specified for this abstraction levels in the inputs of the Epsilon project.
They decided whether the generated requirements fully cover the legacy requirements
they replace. As the results in Figure 8.12 show, the generated requirements address
most of the legacy requirements (cf. Figure 8.12). In comparison, the generated require-
ments not only address the legacy requirements but also provide additional requirements
that the legacy requirements did not contain (cf. Figure 8.12b). Contrasting the previous
correctness evaluations, more generated requirements are required to address one legacy
requirement, as the legacy requirements were not atomic; therefore, multiple atomic re-
quirements from the generated requirements were needed to address the requirement in
the legacy specification.

As tracing the requirements to the operating principle level revealed, all of the un-
addressed requirements in the technical architecture were derived from requirements
that the operating principle level of the Epsilon project deliberately excluded from their
new model-based specification, which Figure 8.13a additionally presents as a pie chart.
Moreover, the evaluation of whether the generated requirements fully reflect the con-
tents that the legacy requirements contain (cf. Figure 8.13b) reveals that, although
most requirements in the legacy requirements were correctly addressed some require-
ments additionally contained additional conditions. Most of these requirements were
already incorrect on the operating principle level; the remaining requirements, however,
refined the requirements from the operating principle by adding additional information
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for the realization as an additional condition to the requirement. Consequently, modeling
technical architectures requires further mechanisms to refine requirements and models
from previous abstraction layers.

Although this correctness evaluation only addresses one application project and is
therefore not representative of all projects in the automotive industry, the results al-
ready reveal that some aspects of the logical architecture modeling are transferable for
the technical architecture model, additional concepts for the refinement of operating
principles for the new constraints the product implementation sets are, however, re-
quired for a successful application. Therefore, future works on this topic might relate to
the results from this evaluation to additionally address these topics in their work.

8.3.4 A Ciritical Reflection and Lessons Learned from Generating Logical
Architectures in the Automotive Industry

Respecting the efficiency and applicability of the approach this thesis presented in this
chapter, and to address RQ-4.3 (“Is the efficiency increased by this automation?”), this
section presents several insights from applying the logical architecture generation in the
Zeta project. The results are based on the prior publication in [GKM*25]. Following the
same structure as in this publication, this section first describes the application of the
transformation rules in Figure 8.5 in the Zeta project and summarizes the lessons learned
from the application in this project. Next, this thesis presents the analysis results from
[GKM™25] to determine whether this approach was capable of increasing the efficiency
in the project as an answer to RQ-4.3 before this section reflects on the fulfillment of
the methodical requirements section 3.3 defined. As the applied approach has some
limitations, this section then discusses these limitations in the context of the results this
section summarized, as presented in [GKM™25].

Efficiency Evaluation of the Project Team Applying a Logical Architecture
Evaluation

As the method for generating the logical architecture section 8.2 may contribute to the
reduction of the efforts that the involved systems engineer spent into the creation of the
system model, RQ-4.3 aims to address this aspect to determine whether this kind of
automation reduces the effort in the project. To this end, [GKM™25] investigates the
impact of this approach in the context of the Zeta project. As a method to determine
this increase in the team’s efficiency, [GKM™25] compares the performance of the project
team with a benchmark from previous projects that do not rely on this automation. To
gain insights on the efficiency, [GKM™25] compares the hours the modelers spent in the
logical architecture modeling project phase with the hours spent in comparable projects.
Therefore, [GKM™25] applied this chapter’s approach in the automotive development
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Table 8.5: Number of elements modeled and transformed for the 16 features modeled in
the automotive development project as presented in [GKM™25]

Operating

Principle

Actions Parameters

380 749

Logical

Architecture

Sub-Systems Generated
Interfaces

6 549

project Zeta to create a high-level vehicle architecture for software and hardware devel-
opment. In the Zeta project, as also summarized in subsection 4.1.6, a relatively small
team of 7 systems engineers created a model-based specification for 16 vehicle features.
As an implementation, the Zeta project relied on Enterprise Architect as a modeling tool

and used a project-specific implementation of the transformation rules from section 8.2
[GKM™25].

To respect the thought schedule of the Zeta project, the analysis in [GKM™25] relies
on an initial benchmark and estimation known from the previous projects, from which
it was known that modelers integrate each feature into the already existing logical ar-
chitecture as Figure 3.3 specifies. To coordinate this work with colleagues working on
individual features, [GKM™25] respects additional efforts during the logical architecture
creation project phase. Then [GKM™25] presents that the remaining effort in this phase
contributes to the creation of the logical architecture model the logical architecture, the
creation of diagrams for alignment with the technical expert, and the alignment of the
result with all relevant stakeholders [GKM™25]. As the automation section 8.2 inherently
only contributes to the creation of the logical architecture but not the remaining efforts
in this project phase, not all efforts are automated. To respect this effort, [GKM™25]
assumes that only (50%) of the overall time required in this project phase is saved using
this automation. Based on this estimation, the Zeta project management planned its
milestones accordingly, and [GKM™25] revisited the results from the initial planning
after the completion of the project and compared the initial planning with the actual ef-
forts the modelers reported during this project phase. As a result, [GKM™25] concludes
that the modelers only required (46.87%) of the hours than in comparable projects (e.g.,
the Gamma, Delta, or Epsilon projects) that did not use the automation as presented
in section 8.2.

To improve the overview of the provided elements, [GKM™*25] additionally provides
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the number of generated elements, which Table 8.5 also presents to answer in RQ-4.3
in the context of this thesis. Table 8.5 shows that 16 with combined 380 and 749 when
distributed to 6 results in the generation of 549 when applying the transformation rules
from subsection 8.2.4. Thus, the numbers reveal that not all parameters in the logical
architecture lead to generated interfaces in the logical architecture. This is caused by the
fact that adjacent actions in the operating principle model do not lead to interfaces in the
logical architecture, if the actions are performed by the same system. Consequently, the
object flows stays within the system and does not generate an interface in the logical ar-
chitecture. Moreover, the numbers reveal that already a small number of initial functions
and operating principles may already have a significant impact on the number of model
elements on later decomposition levels. Because the considered scope of [GKM™25] only
represents the first decomposition level and a small scope of vehicle functions, it is easy
to imagine that the number of interfaces almost grows exponentially for the following
decomposition levels as soon as these interfaces are refined as [GKM™25] already stated.
Therefore, [GKM™'25] additionally concludes the considerable importance of interface
handling during the application of the methods [GKM™25] and this section presented.
Moreover, it is also possible to imagine that the observed efficiency even increases in
later project phases when the systems engineers consider further decomposition levels.

For RQ-4.3, these numbers show that automation potential subsection 8.2.4, when
applied in a project such as the Zeta project, actually increases the efficiency of indus-
try projects. Thus, the results from [GKM™25] reflect the qualitative potential of the
approach. However, quantitatively, [GKM™25] argued that these results might threaten
validity. First and foremost, the project estimated the saved efforts in advance and
planned the project accordingly. As this planning was known to the project members,
this might have influenced their performance and time reporting, as the tighter schedule
communicates an expectation on the project team to create the models faster, which
results in increased pressure in the project [GKM™T25]. Since other studies have already
observed increased project productivity by communicating higher demands, an increased
efficiency of the project might also be an effect of the project team striving to meet these
expectations on the costs of other negative aspects in quality or productivity. This effect
was, for example, observed in [NPS06] in the context of construction performance. An-
other impact [GKM™25] reports is the effort required to fix errors in the diagrams. As
the errors the domain experts found in the derived logical architecture result in errors
in the underlying operating principle, the modelers additionally spend time correcting
these errors during the logical architecture phase, which also impacts the overall effi-
ciency estimation. As this thesis, however, focuses on the application of software and
systems engineering to effectively and efficiently utilize system models, the evaluation
results from [GKM™25] in the context of the Zeta project are sufficient to show that an
application of the method this chapter contributes to this goal.

Moreover, [GKM™25] also observes that the bottleneck in the project shifted from the
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availability of the modeling systems engineers to the availability of the functional domain
experts, whose availability and response time limited further improvements in the time-
line. Furthermore, [GKM™25] also states that the creation of a correct diagram is often
also one of many time-consuming aspects of modeling when using graphical modeling
languages such as the SysML [Obj19]. However, the layout of the diagram elements also
dramatically impacts the understanding of the diagram according to [St611]. Because
the modeling tool (Enterprise Architect [Spa21]) needs to provide sufficient methods for
creating satisfactory diagram layouts, the modelers still spend considerable effort to lay
out the generated diagrams. As the correction of the underlying operating principle
diagrams also influences the efforts observed in the logical architecture modeling phase,
two additional implications are derivable from the insights in [GKM™25]. First, that the
acceptance of the model as a development artifact in an industry project not only relies
on its correctness but also on its presentation, and second, that the actual implemen-
tation of CUBE sometimes does not follow a linear process, but instead structures the
created artifacts a-posterior.

Lessons Learned from Generating Logical Architectures in the Automotive Industry

Apart from the observed efficiency, [GKM™25] additionally provides lessons learned from
applying the methods in the Zeta project, which also applies to the methods this thesis
presents. These lessons primarily address the execution times, collaboration, and trace-
ability, summarized in the following three lessons that are relevant in the context of this
thesis:

e Execution Time & Space Complexity: Although the execution times and space
complexity of the transformation rules are more than sufficient for the industrial
application, the number of generated model elements is concerning, as many fea-
tures could easily reach a high number of elements. Although this is not critical
for the automated interface generation, this becomes problematic for the manual
creation of operating principles on the next decomposition levels, which is typically
more costly than the automated generation. Therefore, it is a good practice to crit-
ically review the interfaces created on higher decomposition levels to prevent the
models from containing unnecessarily many interfaces and manually maintained
actions on lower decomposition levels.

e Collaborative Modeling and Variant Handling: In the applied modeling tool En-
terprise Architect, collaborative modeling and variant handling was additionally
problematic, as the native transformation rules [GKM™25] used and this thesis
also presents and extends in section 8.2 provide no other mechanisms for variant
handling. As a result, the model elements the transformation creates contain no
additional mechanisms for variant handling as section 2.4 identified as an essential
practice for automotive system development. Therefore, the lesson learned from
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the application in [GKM™25] is that additional mechanisms for variant handling,
as well as creating a packaging and import structure for collaboration and model
reuse is required to improve further the implementation concerning the other goals
of the method requirements from section 3.3.

e Traceability: Moreover, [GKM™25] identifies that creating additional links between
the parameters and action pins and the ports in the IBD simplifies the navigation
and supports traceability. Therefore, the learned lessons for this thesis are anal-
ogous to the generation of natural language requirements: The creation of links
between the original and generated artifacts enables traceability and contributes
to the usability of the model.

As the first lessons from [GKM™25] states, the implementation of the transformations
performed well in the modeling tool; the underlying database, however, quickly reached
its limitations when multiple features were considered, and multiple modelers modeled
different features in parallel [GKM™25], which results from the implementation of the
modeling tool, which by design always aims to access the full view of the model, although
the specific application would only require the modeling tool only to access a small part
of the model. With this observation, [GKM™25] also runs into a problem that the earlier
work in [GHKT08b] presents, which states that modeling tools typically only provide
total views of the systems, which does not scale well on large amounts of functions.

Critical Reflection on Assumptions, Limitations, and Guidelines

The approach this thesis extends in section 8.2 inherits some of the limitations from
the approach [GKM™25] presents. First, the application and logic of CUBE only allow
systems engineers to allocate actions from a system operating principle to subsystems of
this system, as only individual components of the system can perform actions so that the
system executes the function under consideration. As a result, material, energy, or data
provided or received within the system is not visible or accessible from outside the system
and, therefore, not considered in the logical architecture. Although this is reasonable
from a methodical point of view, this consideration has the inherent limitation that
these flows are not represented in the logical architecture. Therefore, system engineers
unfamiliar with the system might need to be aware that specific data, material, or energy
is already available. As a result, they might allocate actions to executing systems that are
suboptimal for the overall system architecture, as new interfaces must be implemented
to realize components that might not be required in another system. To mitigate this
risk, which results from the design of the second transformation rule (c¢f. Figure 8.5b),
[GKM™25] suggest integrating some form of capability model into the logical architecture
to make the systems engineers that work with the logical architecture aware of the other
actions and object flows that are already available within a system.
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Regarding the third and the fifth transformation rule (cf. Figure 8.5¢ and Figure 8.5¢),
[GKM™25] identifies the risk that the rules do not eliminate illegal connections. For
that reason, if a systems engineer models, for example, an illegal connection where an
input pin receives inputs from multiple output pins or parameters without a merge node
in-between or incompatible types, the resulting logical architecture would also contain
these errors. As a mitigation, the Zeta project used additional context condition checks
to identify these inconsistencies beforehand to improve the overall quality of the resulting
logical architecture [GKM™25].

Moreover, the fourth and the sixth transformation rule (c¢f. Figure 8.5d and Figure 8.5f)
inherit from [GKM"25] that all unresolved interfaces are automatically delegated to
the environment, as interfaces the system cannot provide or receive itself consequently
interact with systems outside of the system boundary. As stated in [GKM™25], the
Zeta project aimed at a higher reuse of the operating principles and resulting logical
architecture as required in MR1. With this decision, the transformation rules, however,
have the risk that modeling errors in the operating principles, where modelers forgot to
model the information flows, manifest in the design of the logical architecture, as it is no
longer possible to differentiate unintentional missing providers or receivers from explicit
environment interfaces. As a mitigation, the Zeta project implemented a validation
phase of the generated logical architecture models in which domain experts reviewed
the generated logical architecture concerning the environment interfaces, after which the
systems engineers reworked and regenerated the logical architecture for all errors the
domain experts identified [GKM™25].

As already stated concerning RQ-4.3, the insights from the Zeta project, as also pub-
lished in [GKM™25], only provide a qualitative statement about the increased efficiency
and a functionality demonstration for the used tools, which is not an exhaustive tool
evaluation. Therefore, the results this thesis and [GKM™25] presented only focus on the
methodological feasibility of the transformation and deliberately excluded the aspect
of tool evaluation [GKM™25]. Therefore, future works might focus on this aspect in
more detail. Moreover, an exhaustive execution and timing behavior analysis was not
conducted in the context of the Zeta projects, as the used implementation was already
sufficient for an industrial application and not reported as critical by the users apart
from the tooling aspect of this thesis already summarized in the lessons learned from the
industrial application of the transformation rules.

Another aspect this thesis also did not cover in the application of the transformation
from section 8.2 in the Zeta project: the execution of the operating principles in the log-
ical architectures. As the behavior of a logical architecture following the understanding
Figure 3.11 depicts based on [BGM109] is state-based whereas the operating principle is
action or flow-based, an additional transformation might be required, or additional con-
cepts to cover timing behaviors are applicable. Previous works already addressed some
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of the challenges by providing methods for the derivation of test cases from activity
diagrams [MXX06, DGH*19] or providing means for a scenario-based specification that
makes the systems executable using scenario simulations [MSG'22]. In addition, the
modeling approach for modeling functionalities is based on modeling and decomposing
activity diagrams, which itself is an exciting research and application topic for which sev-
eral approaches exist [GRR10, CJHL18]. Since the methods this thesis presents still has
to consider several possible decomposition strategies, the approach relies on the modeler
of correctly modeling and decomposing the activity diagrams in the operating principles
of a feature [GKM™25]. Because the system’s dynamic behavior was not part of the
considered project phase in the Zeta project, the execution of the operating principles
was not covered in the context of the Zeta project.

Another limitation of the approach section 8.2 presented was already mentioned in
[GKM™25] and concerns allocating actions to logical architecture elements. While it is
a reasonable assumption or simplification for the development of a logical architecture
that action may only be executed by a single system and not distributed over multiple
systems, as it simplifies the system decomposition as subsubsection 8.1.1 motivates. The
organization of the project or enterprise, according to [Con68]| (cf. subsubsection 8.1.1),
still limits the possible applications. As a first limitation, cardinalities or redundancies
are complicated to model using the approach, as executing an action in multiple sys-
tems would require allocating the action to multiple systems. This makes the approach
unsuitable for deriving the technical architecture, where multiple parts are often respon-
sible for executing an action or redundantly performing an action. Imagine, for example,
the four tires of a passenger car. All of these tires act to transmit the driving force to
the road. In the approach this thesis proposes, however, it is not allowed to integrate
the aspect of four redundant tires into the logical architecture of the vehicle, although
this aspect is a classifying aspect of passenger cars in the European Union. To solve this
issue, a similar automation would have to address these aspects and extend the set of
transformation rules to handle redundancy and cardinalities.
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Figure 8.9: Results of the error reason classification in logical architecture requirements
in the Zeta, Delta, VTOL and Epsilon projects.
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Figure 8.10: Correctness evaluation results of the technical architecture requirements
generated in the VTOL, and Epsilon projects.

Grammar/Spelli
ng; 1; 1%

Grammar/Spelling; 3;
100% Missing Type;

83; 99%

(a) Project VTOL: Total 3 erroneous

requirements (b) Project Epsilon: Total 84 erro-

neous requirements.

Figure 8.11: Results of the error reason classification in technical architecture require-
ments in the VIT'OL and Epsilon projects.
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Figure 8.12: Results of the completeness evaluation of the technical architecture require-
ments comparing the model-based stakeholder value specification from the
Epsilon projects with the document-based legacy requirements the project
used as input.
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Figure 8.13: Results from the interviews with the modelers in the Epsilon project to
determine the reasons for not modeling the requirement and to evaluate
if the generated natural language requirement correctly covers the legacy
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8.4 Interim Conclusion and Discussion

In conclusion, this chapter answers RQ-3.4 (“How to model logical architectures?”), RQ-
4.2 (“Are logical architectures derivable from operating principles?”), RQ-4.3 (“Is the
efficiency increased by this automation?”), and RQ-4.4 (“Are the models that result
from a model-driven specification comparable to document-based specifications?”).

Therefore, chapter 8 addresses RQ-3.4 and provides SysML Internal Block Diagram
(IBD) elements to describe the systems and their interfaces in Table 8.4. In addition to
this static structure, Table 8.3 provides the elements of a SysML State Machine Diagram
(STM) that are required to describe the state-based behavior of these systems.

Answering RQ-4.3, section 8.2 provides transformation rules to translate operating
principles to system and system interface rules using a structural Logical Reference
Architecture (sLRA). Moreover, state-based behavior follows an additional assignment
of all activities, from the operating principles to actions at the states’ transitions or
entry, do, and exit activities. By this, this chapter does not provide its derivation
of a unique logical architecture with structure and behavior. However, it relies on a
manually created reference architecture with the required states and transitions. Future
research might focus on an automated transformation that [KR18] suggests to transform
activity diagrams to state charts that are closely related to state machines in SysML,
as elaborated with a prototypical implementation in [Bla23] in the broader context of
this thesis. Another method is also discussed in [DHO1], where life sequence charts
that are related to sequence diagrams serve as a basis to bridge the gap between the
flow /message-based behavior of a

Concerning RQ-4.3, subsection 8.3.4 analyses the impact of this method on the effi-
ciency of the project team in the Zeta project. Although an actual efficiency increase was
observable, subsubsection 8.3.4 addresses some limitations and threats to the validity of
the observations.

Respecting RQ-4.4, section 8.3 provides additional transformation rules to derive nat-
ural language requirements in subsection 8.3.1 and evaluates the correctness and com-
pleteness of the generated requirements in the considered projects in subsection 8.3.2
and subsection 8.3.3. As the results indicate, the derived requirements are compara-
ble to a document-based specification, and deviations result from the shortcomings of
the simplified transformation in subsection 7.3.1 used for the evaluation. Therefore, fu-
ture work might focus on improving the models and transformations at the operating
principle level.

Finally, regarding the methodological requirements, subsection 8.2.4 already men-
tioned their fulfillment.
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Chapter 9
Conclusion and Future Work

As a conclusion of this thesis, this chapter summarizes the primary results and contri-
butions. To this end, section 9.1 outlines the main results from each chapter and relates
them to the research question this thesis aimed to tackle. As a dedicated summary of
the generation of the natural language requirements this thesis provided in section 6.4,
section 7.3, and section 8.3, section 9.2 creates an overall view on the evaluation results
the individual sections created concerning the respective method this thesis presented in
the respective chapter. Next, section 9.3 summarizes these lessons and relates them with
the respective method and application to share the condensed insights of applying the
presented methods revealed in the automotive industry. Finally, section 9.4 summarizes
ideas for future research directions.

9.1 Summary and Research Questions

This thesis focused on applying several established methods and principles from software
and systems engineering in the automotive industry to define and apply system models
effectively and efficiently to specify automotive systems. The following list summarizes
the contributions of this thesis concerning the initial research questions from section 1.1:

Established Methods for Automotive Systems Engineering chapter 2 summarizes the
foundations of system modeling, identifies the characteristics of an automotive system
model, and examines the state-of-the-art systems engineering methodologies for devel-
oping automotive systems. With these contents, this chapter answers RQ-1 (“Which
established methods software and systems engineering methods exist that are applicable
to specify automotive systems?”) and provides the foundations for the remainder of this
thesis. In particular, section 2.1 investigates the contribution of related works in systems
engineering to condense a systems engineering understanding for this thesis (cf. Def. 10)
and answers RQ-1.1 (“What are the foundations of systems engineering?”). Next, sec-
tion 2.2 focuses on extending this understanding to a system model in the automotive
industry based on an original definition from [Sta73] (¢f. Def. 13) and answers RQ-1.2
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(“What are the characteristics of a system model in the automotive industry”). Finally,
section 2.6 investigates system decomposition, viewpoints, and paradigms in a selection
of systems engineering methodologies (cf. Table 2.1) to answer RQ-1.3 (“Which systems
engineering methodologies exists, how is the system decomposed in this methodology,
which viewpoints are created, and which paradigm is applied?”).

Model Driven Systems Engineering using CUBE chapter 3 presents a model-driven
systems engineering method based on CUBE and examines the processes and structures
that systems engineers follow when applying this method as an answer to RQ-2 (“Is there
a common practice for creating, interpreting, analyzing and using system specifications
in the considered projects in the automotive industry”). Since CUBE is the shared basis
for the system design in the considered projects, the CUBE specification process as sub-
section 3.1.1 presents in Figure 3.2 answers RQ-2.1 (“Which system specification process
is applied in these projects?”). Moreover, Figure 3.3 highlights the artifacts the systems
engineers create using CUBE and therefore answers RQ-2.2 (“Which artifacts are created
during this process?”). Knowing these artifacts, section 3.2 focuses on the derivation of
the required system elements for a system architecture specification based on [BGK™09]
and [BGM™09], leading over several individual views to the combined overview in Fig-
ure 3.14 as an answer to RQ-2.3 (“Which elements are required to specify a system in
the automotive industry?”). Furthermore, the chapter provides a general overview of
how these elements relate to SysML diagrams as a first step towards answering RQ-3
(“Which elements of the SysML support the creation of the elements developed under
RQ-277).

Apply System Models in the Automotive Industry chapter 4 summarizes the projects
and highlights how the methods this thesis investigates were applied in the context
of this project. As a result of this chapter, Table 4.1 answers RQ-2.4 (“How is the
system decomposed in the project, which viewpoints are created, and which paradigm
is applied?”).

Processing Natural Language Requirements chapter 5 examines a method for the
specification of systems using structured natural language and investigates the status of
requirements in two projects for developing automotive systems. By this, this chapter
contributes to RQ-3.1 (“How can requirements be expressed?”) by providing the required
SysML elements in Table 5.1 and the SPECTRE-DSL (c¢f. section 5.3 and Appendix B)
to structure the requirement texts in natural language.

Modeling Stakeholder Values as Use Case Diagrams chapter 6 answers RQ-3.2 (“How
can stakeholder values be formulated?”) by providing the required SysML model ele-
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ments in Table 6.1 and Table 6.3. Furthermore, the chapter introduces a method and the
semantic foundations to model system stakeholders, their needs, and values using SysML
use case diagrams as the foundation to answer RQ-4.1 (“Can operating principles be de-
rived from use case scenario specifications?”) in chapter 7. Finally, the chapter applies
use case diagrams to replace natural language requirements as a means of expressing
stakeholder requirements in document-based development projects in subsection 6.4.3
and subsection 6.4.4 showing, that the results are comparable to a document-based
system specification as RQ-4.4 (“Are the models that result from a model-driven speci-
fication comparable to document-based specifications?”) investigates.

Modeling Operating Principles as Activity Diagrams chapter 7 establishes SysML
activity diagrams (c¢f. Table 7.1 and Table 7.2) and use case scenario behavior templates
(c¢f. Table C.1) to model the desired system behavior as the operating principle of a
system answering RQ-3.3 (“How to model operating principles?”). In addition, subsec-
tion 7.2.3 answers RQ-4.1 (“Can operating principles be derived from use case scenario
specifications?”) by providing a bidirectional transformation from operating principles to
use case scenario specifications that connects both concepts. Moreover, subsection 7.3.2
and subsection 7.3.3 show that a derivation of natural language requirements is possi-
ble using the method section 7.1 provides when combined with the additional guidelines
from subsection 7.3.1. Therefore, the results are comparable to a document-based system
specification as investigated by RQ-4.4 (“Are the models that result from a model-driven
specification comparable to document-based specifications?”).

Deriving Logical System Architectures from Operating Principles chapter 8 provides
further answers concerning RQ-3.4 (“How to model logical architectures?”), RQ-4.2 (“Are
logical architectures derivable from operating principles?”), RQ-4.3 (“Is the efficiency
increased by this automation?”), and RQ-4.4 (“Are the models that result from a model-
driven specification comparable to document-based specifications?”). To answer RQ-3.4
chapter 8 provides elements from the SysML SysML Internal Block Diagram (IBD) in
Table 8.4 to describe the systems and their interfaces, whereas Table 8.3 provides the el-
ements of a SysML SysML State Machine Diagram (STM) that are required to describe
the state-based behavior of these systems. As an answer to RQ-4.3, section 8.2 then
provides transformation rules to translate operating principles to system and system in-
terface rules using a structural Logical Reference Architecture (sSLRA). The state-based
behavior is then followed by assigning all activities, from the operating principles to
actions at the states’ transitions or entry, do, and exit activities. Concerning RQ-4.3,
subsection 8.3.4 analyses the impact of this method on the efficiency of the project
team in the Zeta project with the result that an actual efficiency increase was observ-
able. Finally, respecting RQ-4.4, section 8.3 provides additional transformation rules to
derive natural language requirements in subsection 8.3.1 and evaluates the correctness
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and completeness of the generated requirements in the considered projects in subsec-
tion 8.3.2 and subsection 8.3.3 showing that the derived requirements are comparable to
a document-based specification.

9.2 Combined View on Generating Textual Requirements from
Models

The evaluations of the natural language requirements in section 6.4, section 7.3, and
section 8.3 render several abstraction layer-specific views on the elements the system
model elements describe. To condense an overall result from these individual views, Ta-
ble 9.1 presents an overview of the number of generated requirements on all abstraction
levels, independent of the system decomposition dimension. As these numbers reveal,
a majority of the requirements result from the Zeta project, because the most require-
ments were generated in this project. Moreover, most requirements were generated
on the logical architecture level, where operating principle execution requirements and
interface requirements merge into a system specification. Unsurprisingly, the orating
principle requirements and the product architecture requirements represent the smallest
group of requirements, as the first does not contain the interface requirements due to
the simplification in Table 7.7 and the latter were only generated in two projects (cf.
subsection 8.3.3). Consequently, the number of requirements on the operating principle
and logical architecture level must be considered in combination, when comparing them
to the previous abstraction levels. Interestingly, this number of generated requirements
increases from the stakeholder value to the combined operating principle and logical
architecture abstraction levels in the Zeta and the Epsilon project, remains on a com-
parable level in the Delta project, whereas it decreases in the VT OL project. While
an increase of generated requirements also follows the intuition that more requirements
are needed to specify a refined model of an abstract stakeholder need, a reduction of

Table 9.1: Number of requirements generated on the abstraction levels of the CUBE in
the analyzed projects.

. Stakeholder Operatin Logical Product
Project Value PI;incipleg Archigt;ecture Architecture Total
Zeta 505 397 1021 Missing 1923
Delta 92 23 72 Missing 187
VTOL 103 15 35 32 185
Epsilon 50 44 128 273 495
Total \ 750 479 1256 305 2790
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Table 9.2: Correctness evaluation results according to the evaluation scheme from Ta-
ble 6.4 in the analyzed projects.

Class ‘ Zeta ‘ Delta ‘ VTOL ‘ Epsilon | Total

1 1586 | 116 [ 165 346 | 2213
2 66 | 55 9 12 142
3 178 | 2 8 136 324
6 93 [ 14 3 1 111
Total | 1923 | 187 | 185 495 [ 2790

requirements in the VTOL project seems counterintuitive at the first sight. An analy-
sis of the use cases in [JGST20] and the operating principle specification in [JGWT21]
reveals, that the operating principle and logical architecture specification in [JGWT21]
only covers a part of the use cases, which is less than half of the use cases. Thus, a
further increase of generated requirements is expected for an overall model specification.

The summary of the correctness evaluations on the different abstraction views Ta-
ble 9.2 further presents an overview of the requirement grades according to the evaluation
scheme Table 6.4 presents. To display these results in a more accessible manner, Fig-
ure 9.1 provides the ratings in each project as pie charts. As the numbers in Figure 9.2
reveal, the majority of the generated requirements is correct, which is also the case in
the individual views in Figure 9.1. Regarding the semantically incomplete requirements
and requirements that require small syntactic changes, there are some project specific
outliers, that result from project-specific effects section 6.4, section 7.3, and section 8.3
already discussed.

Following from the aforementioned shortcomings, the combined results do not pro-
vide a extensive overview of all possibly generated requirements in these projects, but
nonetheless provide some considerable insights. First of all, that the majority of require-
ments the approach generates in correct in all projects, as Figure 9.2 highlights. Second,
that there are similar errors in all projects with one outlier in the stakeholder needs spec-
ification in the Delta project (cf. Figure 6.10), which indicates that systems engineers
tend to make similar modeling errors in the considered projects using the methodology
chapter 3 proposes. And finally, that the generated textual notation may aid in the
detection of these errors, at least for inexperienced modelers, but as subsection 6.4.4,
subsection 7.3.3, and subsection 8.3.3 already discussed it can neither be sufficiently
confirmed nor disproved that a complete set of requirements is generated. However, the
considered examples in the Epsilon project indicate, that a derivation of a complete set
of requirements without the need for additional natural language requirements might be
possible.
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93; 5% - 89
178; 9% 0 2: 1% 14; 8%

66; 3%

1586; 83% 116; 62%

(a) Project Zeta: Total 1923 generated re- (b) Project Delta: Total 187 generated
quirements. requirements.

8: 4%/—31 2% 1, 0%
9,5%_

346; 70%

165; 89% 12; 2%

(¢) Project VTOL: Total 185 gener- (d) Project Epsilon: Total 324 generated re-
ated requirements. quirements.
= No changes necessary m Small syntactic changes necessary
= Semantically incomplete m Semantically wrong

Figure 9.1: Evaluation results of the requirements generated in the Zeta, Delta, VTOL,
and Epsilon projects.
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111; 4%

324;12%

142; 5%

Figure 9.2: Project-independent evaluation results of the generated requirements: Total
2790.

9.3 Lessons Learned from the Industrial Application

Several lessons were learned in the industry projects’ context during the applications of
this thesis’s methods, some of which chapter 4 presented. As a condensed version of
these lessons, [GORW23] presents several insights into this application, for which this
section provides references to the methods and application results this thesis presents.

9.3.1 Lesson 1: Systems Thinking

As [GORW23] formulates as a first lesson, the success of an automotive systems engi-
neering project depends not only on the applied methods but also on the mindsets of
the involved systems engineers. Therefore, several additional measures are required in
some organizations and projects to challenge and encourage systems thinking [Che99]
as a mindset during the systems development project. In this context, systems thinking
describes a mindset that requires the systems engineer to transform implicit knowledge
into explicit knowledge i.e., a mindset to apply the modeling and elicitation methods
for systems modeling chapter 6, chapter 7, and chapter 8 present. Although systems
thinking offers these opportunities, [GORW23] reports that this way of thinking is not
necessarily practiced in every organization and every project, but must be actively de-
manded and promoted. Therefore, it is a fundamental prerequisite for the success of a
development project, which is why establishing this necessary mindset in the entire de-
velopment team must be a key objective at the start of the project. As a result, systems
engineers who aim to apply the methods presented in this thesis must be aware that
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these methods exist and have the support of their colleagues and management when
applying them.

9.3.2 Lesson 2: Analytical Modeling

As a second lesson, [GORW23] concludes that modeling requires analytical thinking and
the ability to structure complex information. To incorporate this lesson in automotive
system development, [GORW23] derives the best practice to present abstract concepts
in visual form and infers that this visualization is not just about visualizing existing
information but also about creating a system model that reflects both the current project
situation and includes generic specification parts for future company developments.

To support this, this thesis not only provides a method that supports the reuse objec-
tive of CUBE [GKS™'21] methodically during the creation of solution neutral operating
principles in subsection 3.2.4, but also in the feature-driven use case modeling method-
ology in section 6.3, the suggested use of scenario use case behavior templates in subsec-
tion 7.2.2, and the project-independent LRA section 8.1 introduces for the specification
of logical architectures. Moreover, [GORW23| recognizes this project-independent and
uniform language and an understanding of the systems engineering processes. To ad-
dress this challenge, RQ-3 identifies the elements of the SysML a uniform application of
the model-driven CUBE variant requires. Therefore, section 5.3 provides a requirements
template and DSL to express natural language requirements uniformly and structured.
Next section 6.1 provides the language to express and section 6.2 the semantic foun-
dations to understand and communicate stakeholder values during automotive system
development based on a previous work published in [KRW22]. Furthermore, section 7.1
provides the uniform language to model solution-neutral operating principles. Finally,
section 8.1 sets the boundaries to define reusable logical architectures as SysML IBDs
(cf. subsection 8.1.2) and their behavior as SysML STMs (cf. subsection 8.1.4).

Apart from the definition of the language, [GORW23] also highlights the importance
of documenting the applied systems engineering process and its outcomes. By this,
[GORW23] aims at improving the understanding of the relationships between the arti-
facts to enable the project management to plan and track systems engineering activities
in a structured manner. To address this, section 3.2 defines a CUBE specific system
architecture framework that specifies the process, its structure, and resulting artifacts
in the process-structure models in Figure 3.5, Figure 3.9, Figure 3.10, Figure 3.11, Fig-
ure 3.12, and Figure 3.13 that extend the shorter summary [GORW23] presents.
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9.3.3 Lesson 3: Difference between Syntax and Semantics

As the third lesson, [GORW23] concludes that a system modeling language is not
only defined by its syntax (“what we see”), but above all by its semantics (“what
it means”) [BR23]. Based on this lesson, [GORW23| derives the best practice that
all systems engineers involved in the systems engineering process must clearly dis-
tinguish between these concepts to make precise communication possible and avoid
misunderstandings. To implement this learning in the methods this thesis presents,
the SysML-based modeling languages this thesis uses have precisely defined semantics.
As no standard semantic definition for use case diagrams was known to the author,
section 6.2 presented the semantic foundation for this diagram based on [KRW22].
Moreover, the operating principle specification draws on activity diagrams for which
other related works [Obj21, GRR10, MRR11b, MRR11a, KR18, Kau2l] already pro-
vided a semantic foundation. Finally, the behavior description of logical architectures
uses state machines for which for which also several semantic foundations are avail-

able [Mea55, Moo56, Har87, BCR07, NSC*07, DEKR19).

9.3.4 Lesson 4: Degree of Formalization

Although the third lesson requires a certain degree of formalization to enable a precise
semantics definition, the fourth lesson from [GORW23] states that a high degree of for-
malization also might bring several disadvantages in heterogeneous development teams
in which team members from different domains and with different knowledge work to-
gether. Therefore, [GORW23| suggests that the degree of formalization of a system
modeling language and a system model should be adaptable to the application areas
and the intended uses of the model. Thus, when deciding on the degree of formalization
for a specific model, the relationship between benefits, costs, and effects on acceptance
in the development project must contribute to the decision process. Several measures
are possible to achieve this in the methods this thesis presents. First, the derivation
process of natural language requirements already suggests integrating natural language
in the naming of the components to facilitate the model’s readability for stakeholders
who aim to avoid reading mathematically precise statements, which does not affect the
constraints on the execution order in the rest of the diagram sets. Moreover, the sce-
nario behavior specification template section 7.2 simplifies the diagrams’ presentation
without affecting the defined behaviors’ precision. Finally, the architecture generation
procedures section 8.2 supports the final statement from [GORW23] that if something
can be automated efficiently, this potential should be used to avoid errors, save time,
and increase quality and, therefore, the required formalization is acceptable.
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9.3.5 Lesson 5: Reusable Models

The fifth lesson [GORW23] derives is concerned with reusing system models across and
within different system development projects. The lesson identifies that a reusable
model requires a clear separation between a function-oriented /solution-neutral view and
a product-oriented /solution-specific view. As a way to implement this lesson in the
methods, this thesis supports the principle of CUBE to specify operating principles as
a solution-neutral [GKS'21] action sequence and supports splitting the definition of an
operating principle (cf. subsection 7.1.1) from the allocation subsection 7.1.2. As another
way of reusing parts of a system model, the logical architecture definition from chapter 8
supports the definition of a project-specific and project-independent logical reference
architecture. By this, the logical reference architecture ensures that the same (logi-
cal) systems are available in both projects, and a project-independent logical reference
architecture enables cross-project reuse. As for the degree of formalization, however,
[GORW23] additionally suggest that the systems engineers that develop the solution
neutral weight up the degree of solution, similar to the degree of formalization, in order
to determine whether the benefits of possible reuse in another solution justify the effort
involved in creating and understanding the model. subsubsection 8.1.1 considers this
aspect, for example, in the different methods to decompose a system into logical compo-
nents. In addition, during the definition of operating principles, it is also a good practice
to discuss the actions and the degree of solution independence with the stakeholders that
require and implement the operating principles. When considering a combustion pro-
cess, for example, the solution-independent description of the chemical reactions in a
combustion process is the general reduction-oxidation (redox) reaction, in which in two
parallel but interconnected processes, a reducing agent is oxidized, and an oxidant or
oxidizing agent is reduced. Although this process defines the most reusable operating
principle specification, many automotive companies only develop systems in which fuel
is the reducing agent and air is the oxidizing agent. Therefore, companies restricting
themselves to only these two participants might directly encode this in the operating
principle specification to facilitate comprehensibility.

9.3.6 Lesson 6: Modular System Models

As the sixth lesson [GORW23] states, high modularity of the model elements (cf. subsec-
tion 2.4.2) not only facilitates reuse but also contributes to improving the performance
of the modeling tools used. Apart from the methods this thesis presents, [GORW23]
therefore suggests using version management, variant management, and library concepts
when setting up the models on the tooling side. By this, the principle of modularity and
the building block system is effective, which is also a universal principle in developing
automotive systems [Mac13].
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To achieve this in a project, [GORW23] defines additional best practices that are also
valid in the context of this thesis’s methods. First, [GORW23] acknowledges distinguish-
ing between solution-neutral and product-specific interfaces and creating corresponding
packages on the decomposition levels or system sections to promote system-oriented
thinking. Moreover, [GORW23] suggests dividing the model into reusable packages (ar-
tifact containers) to increase flexibility.

9.3.7 Lesson 7: Correlation Between Organizational Structure and System
Model

As the seventh and final lesson, [GORW23] observed that the organization’s structure
influences the system model and vice versa, as [Con68] states. Therefore, [GORW23]
suggests that systems engineers must consider this interconnection during the system
development. To address this challenge, subsubsection 8.1.1 considers this aspect in the
definition of the LRA and discusses this impact on the organization structure in the
context of several examples.

0.4 Potential Future Research

Although this work successfully addressed the research questions of section 1.1, it also
uncovered several gaps in the current state of research on automotive systems engineering
and provided methods that could be further developed in future research. Therefore,
the following non-exhaustive list aims to envision other researchers with directions for
further research:

Deriving Models from Natural Language Requirements As mentioned in subsec-
tion 5.5.2, linguistic methods such as NLP [ZAFt21] or Al-based approaches such as
LLMs could counter the problems with the extraction from information from natural
language requirements by using different parsing algorithms in case of NLP or could
provide means for automatic error correction [BKK*23] using LLMs or DSL extrac-
tion [BBKT22b, BBK*22a] suggested. Moreover, as presented in [BKK™23], possible
extensions could also use requirement templates as a starting point for translating re-
quirements in TCTL, in which an automatic consistency check is possible.

Generating State Machines into the Logical Architecture To extend the concepts
for logical architecture generation chapter 8 presents, future research might focus on
integrating the state-based behavior model according to subsubsection 3.2.5 into the
generation approach. To this end, future works could explore an automated transforma-
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tion from activity diagrams to state machines analogous to the transformation [KR18]
suggests to define the semantics of activity diagrams and transform activity diagrams
to state charts that are closely related to state machines in SysML. An early version of
this was a prototypical implementation in [Bla23] for MontiArc [Hab16] in the broader
context of this thesis.

Technical Architecture Derivation As this thesis did not address the model creation
of the technical architecture and only provides the basis artifacts required in subsubsec-
tion 3.2.5, future works could focus on the derivation of these solutions from and for the
logical architecture.

Adaptions for SysML v2 Since the SysML v2 standard in [Obj23] introduces new
concepts and replaces the SysML standard this thesis refers to [Objl17] future works
could aim at transferring the concepts this thesis provides to this standard, making
the methods applicable in future system models. Moreover, as the SysML v2 provides a
textual representation of all diagrams, the concrete textual syntax could further improve
some of the methods as subsection 7.3.4 exemplary discussed for the activity diagram
syntax subsection 7.2.4 provides.

Al-Driven System Model Creation Apart from the already suggested utilization of
LLMs for processing natural language requirements, artificial intelligence, particularly
generative artificial intelligence, provides several other possibilities to increase the effi-
ciency and effectiveness of the methods this thesis suggests. Therefore, future works may
focus on improving the efficiency and effectiveness of systems modeling with methods
that e.g., layout diagrams, explain models to their readers and copilot system modelers,
or ultimately generate new models from a given set of inputs and constraints.

Contribute Additional Insights from other Companies or Domains The results of this
thesis cover different industry projects. This number is comparably small compared to
the overall impact of the projects in the automotive industry. Therefore, the results in
subsection 6.4.3, subsection 6.4.4, subsection 7.3.2, subsection 7.3.3, subsection 8.3.2, or
subsection 8.3.3 cannot represent the complete automotive industry. Therefore, future
works might additionally aim to reproduce or disprove the results this thesis provides in
these and all other affected chapters.
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Acronyms

AADL Architecture Analysis & Design Language.
AD SysML Activity Diagram.

ADAS Advanced Driver-Assistance System.

Alpha Vehicle development project for Asian OEM.
AST Abstract Syntax Tree.

BDD SysML Block Definition Diagram.

Beta Powertrain development project for Asian OEM.
bLRA behavioral Logical Reference Architecture.
BOM Bil of Materials.

CAD Computer-Aided Design.

CAE Computer-Aided Engineering.

CASE Computer-Aided Software Engineering.

CPS Cyber-Physical System.

CrESt Collaborative Embedded Systems.

CSAL Algebraic Specification Language.

CUBE Compositional Unified system-Based Engineering.

Delta Function development for autonomous driving funded by the EU.
DSL Domain Specific Language.
DVP&R Design Verification Plan and Report.

Epsilon Control system development in the context of a powertrain for a German OEM.

EU European Union.

FDD Feature-Driven Development.
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ACRONYMS

FuSE Function-based Systems Engineering.

Gamma ADAS function development project for autonomous driving on the highway.

GB Guobiao (chin. for national standard).

IBD SysML Internal Block Diagram.
INCOSE International Council on Systems Engineering.

JPL NASA Jet Propulsion Laboratory.

LLM Large Language Model.
LRA Logical Reference Architecture.

MBE Model-Based Engineering.

MBSE Model-Based Systems Engineering.

MCG MontiCore Grammar.

MDA Model-Driven Architecture.

MDD Model-Driven Development.

MDE Model-Driven Engineering.

MDSE Model-Driven Systems Engineering.

MIB Modularer Infotainment Baukasten (German For Modular Infotainment Toolkit).
MILS Multiple Independent Levels of Security.

MQB Modularer Querbaukasten (German for Modular Transverse Toolkit).

NASA National Aeronautics and Space Administration.
NLP Natural Language Processing.

OEM Original Equipment Manufacturer.

OMG Object Management Group.

OOSEM INCOSE Object-Oriented Systems Engineering Method.
OPL Object-Process Language.

OPM Object-Process Methodology.

PMTE Process, Methods, Tools and Environment.

302



ACRONYMS

RUP Rational Unified Process.
RUP-SE Rational Unified Process for Systems Engineering.

SA JPL State Analysis.
SE Systems Engineering.
sLRA structural Logical Reference Architecture.

SMArDT German term for “Spezifkationsmethode fiir Anforderungen, Design und Test”
(Engl. specification method for requirements, design, and test).

Sol System of Interest.

SoS System of Systems.

SOTIF Safety Of The Intended Functionality.

SPECTRE Specification guideline for Requirements Engineering.
SPES Software Platform Embedded Systems.

SPESXT SPES Extended.

SPL Software Product Line.

STM SysML State Machine Diagram.

SysML Systems Modeling Language.

TCTL Timed Computation Tree Logic.

UCD SysML Use Case Diagram.
UML Unified Modeling Language.
UNECE United Nations Economic Commission for Europe.

US United States.
VTOL Vertical Take-Off and Landing.

Zeta Vehicle development project for German OEM.
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Appendix A

Diagram and Listing Tags

Description

=
Qy
Ea’q

BDD

7

(@)
O

7 E

Activity Diagram
Block Definition Diagram
Class Diagram

Internal Block Diagram

MCG MontiCore Grammar

STM State Machine Diagram

sD Sequence Diagram

uco Use Case Diagram

Table A.1: Explanation of the used tags in listings and figures.

Stereotype Description
«EXT» External elements
«GEN» Generated elements
«HC» Handcoded elements
«RTE» Run-time Environment elements
«RT-IF» Run-time Infrastructure elements

Table A.2: Explanation of the used stereotypes in listings and tags.
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Appendix B

SPECTRE Grammars

In the following, this chapter presents the grammars chapter 5 uses for the processing
of legacy requirements in natural language and the formulation of new structured re-
quirements. As discusses in this chapter, the grammars are the result of a student thesis
project [Kat21] and therefore not exclusively developed by the author of this thesis. For
a better application of this grammar in the considered projects, however, most of the
grammars were reworked by the author to achieve a better and more general applicability.

B.1 Action

2
3

I

© 0 N o v

10
11
12

13
14

15
16

17

18

1 /%%

* This grammar defines actions used in sentences.

*/

component grammar Action extends fev.spectre.WordBasis, fev.

spectre.Substantive {
// Rule for defining an action
SpectreAction
= SpectreVerbalPhrase? processVerbs:SpectreSimpleName+t;

// Interface for defining a verbal phrase in an action
interface SpectreVerbalPhrase = actor:SpectreSubstantive;

// Rule for a "Provide" phrase in a verbal action, with an
and the phrase "With the ability to"
SpectreProvidePhrase implements SpectreVerbalPhrase
= SpectreProvide actor:SpectreSubstantive
SpectreWithTheAbilityTo;

// Rule for an "Enable" phrase in a verbal action, with an
and the phrase "To"
SpectreEnablePhrase implements SpectreVerbalPhrase
= SpectreEnable actor:SpectreSubstantive SpectreTo;

MCG

actor

actor

307



APrPENDIX B SPECTRE GRAMMARS

19 }

Listing B.1: The Action grammar.

B.2 Condition

2
3

© 0w N o wm

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24
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* This grammar defines conditions used 1in sentences.

*/

4 component grammar Condition extends fev.spectre.Substantive, fev.

spectre.LogicalExpression {
// Interface declaration for conditions
interface SpectreCondition;

// Interface for conditions involving logical expressions
interface SpectrelogicalExpressionCondition extends
SpectreCondition;

// Rule for an "If" condition with an optional substantive and a
logical expression
SpectrelfCondition implements SpectrelogicalExpressionCondition
= Spectrelf SpectreSubstantive? SpectrelogicalExpression;

// Rule for a "Below" condition with an optional substantive and
a combination of names, optional "Of," and a unit or
variable
SpectreBelowCondition implements
SpectrelogicalExpressionCondition
= SpectreBelow SpectreSubstantive? SpectreNamex SpectreOf? (
SpectreUnit | SpectreVariable);

// Rule for an "Above" condition with an optional substantive
and a combination of names, optional "Of," and a unit or
variable

SpectreAboveCondition implements
SpectrelogicalExpressionCondition

= SpectrelAbove SpectreSubstantive? SpectreNamex* SpectreOf? (
SpectreUnit | SpectreVariable);

// Rule for a "Between" condition with an optional substantive
and a combination of names, followed by two units or
variables separated by "And"

SpectreBetweenCondition implements




B.3 CONSTRAINT

SpectrelogicalExpressionCondition

25 = SpectreBetween SpectreSubstantive? SpectreNamex (unitl:

SpectreUnit | variablel: SpectreVariable) SpectreAnd (unit2
SpectreUnit | variable2: SpectreVariable);

26

27 // Interface for conditions involving events

28 interface SpectreEventCondition extends SpectreCondition;

29

30 // Rule for an "As Soon As" condition with an optional
substantive and an event

31 SpectreAsSoonAsCondition implements SpectreEventCondition

32 = SpectreAsSoonAs SpectreSubstantive? SpectreEvent;

33

34 // Interface for conditions involving time periods

35 interface SpectreTimePeriodCondition extends SpectreCondition;

36

37 // Rule for an "As Long As" condition with an optional
substantive and a time period

38 SpectreAsLongAsCondition implements SpectreTimePeriodCondition

39 = SpectreAsLongAs SpectreSubstantive? SpectreTimePeriod;

40

41 // Rule for a "During" condition with an optional substantive
and a combination of names

42 SpectreDuringCondition implements SpectreTimePeriodCondition

43 = SpectreDuring SpectreSubstantive? SpectreNamex;

44 }

Listing B.2: The Condition grammar.

B.3 Constraint

1/ Ak MCG

2 + This grammar defines constraints used in sentences.

3 4/

4 component grammar Constraint extends fev.spectre.Unit, fev.spectre
.Variable {

// Interface declaration for constraints

interface SpectreConstraint;

® N o w

// Rule for a constraint with no specific word, consisting of
either a unit or a variable

9 SpectreNoWordConstraint implements SpectreConstraint = (

SpectreUnit | SpectreVariable);
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10
11

12

13
14

15

16
17

18

19
20

21

22
23

24

25 }

// Rule for a constraint using the word "Of," followed by either
a unit or a variable
SpectreOfConstraint implements SpectreConstraint = SpectreOf (
SpectreUnit | SpectreVariable);

// Rule for a constraint using the word "To," followed by either
a unit or a variable
SpectreToConstraint implements SpectreConstraint = SpectreTo (
SpectreUnit | SpectreVariable);

// Rule for a constraint with a comparison operator, followed by
either a unit or a variable

SpectreComparisonOperatorConstraint implements SpectreConstraint
= SpectreComparisonOperator (SpectreUnit | SpectreVariable);

// Rule for a constraint using the phrase "With a Minimum of,
followed by either a unit or a variable

SpectreWithAMinimumOfConstraint implements SpectreConstraint =
SpectreWithAMinimumOf (SpectreUnit | SpectreVariable);

// Rule for a constraint using the phrase "With a Maximum of,
followed by either a unit or a variable

SpectreWithAMaximumOfConstraint implements SpectreConstraint
SpectreWithAMaximumOf (SpectreUnit | SpectreVariable);

Listing B.3: The Constraint grammar.

B.4 LogicalExpression

2

310
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* This grammar defines logical expressions used in conditi

*/

4 component grammar LogicalExpression extends fev.spectre.Unit, fev.

spectre.Variable, fev.spectre.Substantive {
// Interface declarations
interface SpectrelogicalExpression;
interface SpectreEvent;
interface SpectreTimePeriod;

// Interface combining logical expression, event, and time
period




B.5 SPECTRENAME

11

12
13
14
15
16
17
18
19

20
21
22

23

24
25
26
27

28
29
30
31

interface SpectrelogicalStatement extends
SpectrelogicalExpression, SpectreEvent, SpectreTimePeriod;

// Below expression logical statement
SpectreBelowExpression implements SpectrelogicalStatement

= SpectreName+ SpectreBelow (SpectreUnit | SpectreVariable);

// Greater expression logical statement
SpectreGreaterExpression implements SpectrelogicalStatement
= SpectreName+ (SpectreAbove | SpectreGreater) (SpectreUnit
SpectreVariable);

// Comparison operator expression logical statement
SpectreComparisonOperatorExpression implements
SpectrelogicalStatement
= SpectreName+ SpectreComparisonOperator (SpectreUnit |
SpectreVariable);

// Between expression logical statement
SpectreBetweenExpression implements SpectrelogicalStatement

= SpectreName+ SpectreBetween (unitl: SpectreUnit | variablel:

SpectreVariable) SpectreAnd (unit2: SpectreUnit |
variable2: SpectreVariable);

// No logical expression logical statement
SpectreNoLogicalExpression implements SpectrelogicalStatement
= SpectreSubstantives+;

B.

Listing B.4: The Logical Expression grammar.

5 SPECTREName

1
2

I

/xx MCG

* This grammar defines the SpectreName which is used for
arbitrary words in requirements.

*/

component grammar Name extends de.monticore.types.MCBasicTypes,

.monticore.literals.MCCommonLiterals {

// Definition of a token for standard symbols used in Spectre

names
token SpectreStandardSymbol = (":" | =" | /" | '\\");

de
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10
11

12

// Definition of a simple name in Spectre
SpectreSimpleName = name:Name;

// Definition of a SpectreName, which can include a combination
of names and numbers separated by standard symbols

SpectreName = (name:Name) (Name SpectreStandardSymbol?)* (number
:NatLiteral SpectreStandardSymbol?) x;

Listing B.5: The SPECTREName grammar.

B.6 Sentence

2
3

© 0 9 o wu

11
12
13
14

16
17
18
19
20
21
22

1/ Ak MCG

* This grammar defines sentences used in texts

*/

4 grammar Sentence extends fev.spectre.Condition, fev.spectre.Action

, fev.spectre.Substantive, fev.spectre.Constraint {
// Interface declaration
interface SpectreSentence = SpectreMainSentence;

// Sentence starting with a condition
SpectreConditionFirstSentence implements SpectreSentence
= SpectreCondition "," SpectreMainSentence;

// Sentence ending with a condition
SpectreConditionLastSentence implements SpectreSentence
= SpectreMainSentence SpectreCondition;

// Sentence without any condition
SpectreNoConditionSentence implements SpectreSentence
= SpectreMainSentence;

// Main structure of a sentence
SpectreMainSentence
= subject:SpectreSubstantives SpectreModalVerb SpectreNot?
SpectreAction SpectreSubstantives? SpectreConstraint?;

312

Listing B.6: The Sentence grammar.
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B.7 Substantive

1/ x# MCG

2

o s W

Y

10
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32
33

34

component grammar Substantive extends fev.spectre.WordBasis {

* This grammar defines substantives used at multiple placé
the DSL.
*/

// Rule for combining multiple substantives with a boolean
operator
SpectreSubstantives
= (SpectreOneSubstantive | SpectreTwoSubstantives |
SpectreMultipleSubstantives);

// Rule for multiple substantives separated by commas and joined
with a boolean operator
SpectreMultipleSubstantives
= (multiple:SpectreSubstantive ", ")+ second:SpectreSubstantive
SpectreBooleanOperator first:SpectreSubstantive;

// Rule for two substantives joined with a boolean operator
SpectreTwoSubstantives
= second:SpectreSubstantive SpectreBooleanOperator first:
SpectreSubstantive;

// Rule for a single substantive
SpectreOneSubstantive
= first:SpectreSubstantive;

// Symbol definition for a substantive
symbol SpectreSubstantive
= SpectreQuantifier? SpectreArticle? SpectreName+ (SpectreOf
SpectreSubstantive) ? SpectreMarketingName? SpectreComment?;

// Rule for a comment enclosed in parentheses
SpectreComment

= "(" SpectreName+ ")";

// Symbol definition for a marketing name enclosed in square

brackets
symbol SpectreMarketingName
= "[" SpectreName+ "]";

// AST rule for retrieving the name of a substantive
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35 astrule SpectreSubstantive =

36 method public String getName () {

37 String res="";

38 for (fev.spectre.name._ast.ASTSpectreName name:this.
spectreNames) {

39 res = res+" "+ name;

40 }

41 return res;

42 }i

43

44 // AST rule for retrieving the name of a marketing name
45 astrule SpectreMarketingName =

46 method public String getName () {

47 String res="";

48 for (fev.spectre.name._ast.ASTSpectreName name:this.
spectreNames) {

49 res = res+" "+ name;

50 }

51 return res;

52 }i
53 }

Listing B.7: The Substantive grammar.

B.8 Unit

1/ k MCG

* This grammar defines units used in constraints and condi
*/
component grammar Unit extends de.monticore.SIUnitLiterals {
// Rule for defining a unit in the DSL
SpectreUnit
= SIUnitLiteral;

(e - N L

Listing B.8: The Unit grammar.

B.9 Variable

‘1/** MCG ‘

314




B.10 WoORDBASIS

2 % This grammar defines variables used in constraints and
conditions.

3 */

4 component grammar Variable extends fev.spectre.WordBasis {

5 // Symbol definition for a variable in the DSL

6 symbol SpectreVariable

7 = SpectreQuantifier? SpectreArticle? "{" SpectreName+"}";

8

9

// AST rule for retrieving the name of a variable
10 astrule SpectreVariable =

11 method public String getName () {

12 String res="";

13 for (fev.spectre.name._ast.ASTSpectreName name:this.
spectreNames) {

14 res = res+" "+ name;

15 }

16 return res;

17 b
18 }

Listing B.9: The Variable grammar.

B.10 WordBasis

1/ Ak MCG

2 % This grammar defines multiple terminals used in multiplée
in the DSL.

3/

4 component grammar WordBasis extends fev.spectre.Name ({
5 // Interface for defining articles

6 interface SpectreArticle;

7 SpectreNo implements SpectreArticle
8 = ("No"| "no");

9 SpectreThe implements SpectreArticle
10 = ("The" | "the");

11 SpectreA implements SpectreArticle
12 — ("A" | uau);

13 SpectreAn implements SpectreArticle
14 = ("An" |"an");

15
16 // Interface for defining boolean operators
17 interface SpectreBooleanOperator;

18 SpectreAnd implements SpectreBooleanOperator
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19 = (HAnd" | "and" | I|AND") ,.
20 SpectreOr implements SpectreBooleanOperator
21 = ("Orlll "Or" I "OR");

22
23 // Interface for defining comparison operators

24 interface SpectreComparisonOperator;

25 SpectreSmallerEqual implements SpectreComparisonOperator

26 = ((("Lower"|"Smaller") | ("lower"|"smaller")) key("than") key
("or") key("equal") key("to") | "<=");

27 SpectreSmallerThan implements SpectreComparisonOperator

28 = ((("Lower"|"Smaller") | ("lower"|"smaller")) key("than") |
<"y

29 SpectreGreaterEqual implements SpectreComparisonOperator

30 = (("Greater" | "greater") key("than") key("or") key("equal")
key ("to") | ">=");

31 SpectreGreaterThan implements SpectreComparisonOperator

32 = (("Greater" | "greater") key ("than") | ">");

33

34 // Interface for defining modal verbs
35 interface SpectreModalVerb;

36 SpectreCan implements SpectreModalVerb

37 = ("Can" | "can");

38 SpectreCould implements SpectreModalVerb

39 = ("Could" | "could");

40 SpectreMay implements SpectreModalVerb

41 = ("May"| "may");

42 SpectreMight implements SpectreModalVerb

43 = ("Might"| "might");

44 SpectreMust implements SpectreModalVerb

45 = ("Must" | "must" | "Have to" | "have to" | "Has to" | "has
to");

46 SpectreShall implements SpectreModalVerb

47 = ("Shall" | "shall");

48 SpectreShould implements SpectreModalVerb

49 = ("Should"| "should");

50 SpectreWill implements SpectreModalVerb

51 = ("Will"| "will");

52 SpectreWould implements SpectreModalVerb

53 = ("Would"| "would");

54

55 // Interface for defining quantifiers
56 interface SpectreQuantifier;

57 SpectreAll implements SpectreQuantifier

58 = (key ("Al1l") | key("all"));
59 SpectreExactlyOne implements SpectreQuantifier
60 = ((key("Exactly") | key("exactly")) key("one"));
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61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
[LOO
o1
102
103
[L04
[LO5

SpectreOne implements SpectreQuantifier

= (key("One") | key("one"));
SpectreThereExistsOne implements SpectreQuantifier
= (key ("There") | key("there")) (key("is") |key("exists"));
SpectreThereExistsExactlyOne implements SpectreQuantifier
= ((key ("There") | key("there")) (key("is") |key("exists"))
("exactly") key("one"));

// Terminal for "Not"
SpectreNot
= (key ("Not") | key("not"));

// Terminals for condition indicators

Spectrelf

= ("If" | "if" | "When" | "when");
SpectreAsSoonAs

= ("As" | "as") "soon" "as";
SpectreAsLongAs

= ("As" | "as") "long" "as";
SpectreDuring

= ("During"| "during");

// Terminals for logical expressions

SpectreAbove

= ("Above" | "above");
SpectreBelow

= ("Below" | "below");
SpectreGreater

= ("Greater" | "greater");
SpectreBetween

= ("Between" | "between");

// Terminals for constraints
SpectreWithAMinimumOf

= (key ("with") | key ("With")) "a" key("minimum") "of";
SpectreWithAMaximumOf

= (key ("with") | key ("With")) "a" key ("maximum") "of";
SpectreAtLeast

= key ("at") key("least");

// Terminal for "Of"
SpectreOf
= ("Of" | "Of");

// Terminals for actions
SpectreProvide

key
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106 = (key ("Provide") | key("provide"));

o7 SpectreEnable

hos = (key("Enable") | key("enable"));

109 SpectreWithTheAbilityTo

10 = (key ("With") | key("with")) key("the") key("ability") key ("
to");

111 SpectreTo

12 = (key("To") | key("to"));

nis }

Listing B.10: The WordBasis grammar.
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Appendix C

Use Case Specification Template, Language
and Examples

C.1 Use Case Specification Template

Table C.1: A template for use case behavior specification elicitation.

ucC Scenario Name
Name
Trigger Event that triggers the Use Case
Pre- Pre-condition that shall be fulfilled before the execution of the Use Case
condition
Description of the desired behavior of the system in one sentence.
#| Actor | Action Input | Output| Condition | Execution | Next
1| Actor | Action nTamZ: Condition _ 2
Desired oxe- this step | name:| ~YP Sequential/
Behavior cuting | executes Type Parallel/
the Alternative/
action Exception
2| .. End
Post- Post-condition that shall be fulfilled after the successful execution of the
conditions | Use Case

C.2 Transformation Rules to Transform Use Case
Specifications to Activity Diagrams and Back
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ucC ‘ Use Case Name ...
# | Actor Action Input Output Condition| Execution | Next
1 A
(a) The desired behavior pattern for the initial action.
/ Use Case Name \
o J
(b) The activity diagram pattern for the initial action.
Figure C.1: The transformation rule for the initial action (Initial Rule).
ucC ‘ Use Case Name ...
# | Actor Action Input Output Condition| Execution | Next
System A

320

(a) The desired behavior pattern for action execution.

N

AD

-

Use Case Name

\

«block»
System

A =
«allocate»>

)

(b) The activity diagram pattern for action execution.

Figure C.2: The transformation rule for action execution (Execution Rule).



C.2 TRANSFORMATION RULES TO TRANSFORM USE CASE SPECIFICATIONS TO
AcTIviITY DIAGRAMS AND BACK

ucC ‘ Use Case Name ...
# | Actor Action Input Output Condition| Execution | Next
m A n
n B

(a) The desired behavior pattern for sequential actions.

N

AD

~

e

Use Case Name

- /

(b) The activity diagram pattern for sequential actions.

Figure C.3: The transformation rule for sequential actions (Sequential Rule).

ucC ‘ Use Case Name ...
# | Actor Action Input Output Condition| Execution | Next
A in:Type
(a) The desired behavior pattern for external inputs.
AD
/ Use Case Name \
in:Type
[ [1”
-

(b) The activity diagram pattern for external inputs.

Figure C.4: The transformation rule for external inputs (External Input Rule).
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UC ‘ Use Case Name ...
# | Actor Action Input Output Condition| Execution | Next
A out: Type

(a) The desired behavior pattern for external outputs.

N

AD

-

Use Case Name

out:Type

(b) The activity diagram pattern for external outputs.

Figure C.5: The transformation rule for external outputs (External Output Rule).

UC ‘ Use Case Name ...
# | Actor Action | Input Output ConditionExecution | Next
A name:Type
B name:Type

(a) The desired behavior pattern for internal flows.

N

AD

~

Use Case Name

name:Type name:Type

J

(b) The activity diagram pattern for internal flows.

Figure C.6: The transformation rule for internal flows (Internal Flow Rule).
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AcTIviITY DIAGRAMS AND BACK

UC ‘ Use Case Name ...

# | Actor Action Input Output Condition| Execution | Next
A Final

(a) The desired behavior pattern for the final actions.

N

AD

~

-

Use Case Name

®

N /

(b) The activity diagram pattern for the final actions.

Figure C.7: The transformation rule for the final actions (Final Rule).

UC ‘ Use Case Name ...

# | Actor Action | Input Output | Condition Execution | Next
A FlowFinal

(a) The desired behavior pattern for the flow final actions.

N

AD

~

/

Use Case Name

(L wW—=®

- J

(b) The activity diagram pattern for the flow final actions.

Figure C.8: The transformation rule for the final actions (Flow Final Rule).

323



APPENDIX C USE CASE SPECIFICATION TEMPLATE, LANGUAGE AND EXAMPLES

UC |

Use Case Name ...

Output | Condition

# Actor | Action Input Execution | Next
m? ForkName? Parallel | -

m a A Parallel

m . Parallel

m z y/ Parallel

m? JoinName? JoinSpec? | Parallel

324

Figure C.9: The transformation rule for parallel actions (Parallel Rule).

(a) The desired behavior pattern for parallel actions.

N

AD
/ Use Case Name \
ForkName?
o a s
\ JoinName? {joinspec = JoinSpec}? /

(b) The activity diagram pattern for parallel actions.



C.2 TRANSFORMATION RULES TO TRANSFORM USE CASE SPECIFICATIONS TO
AcTIviITY DIAGRAMS AND BACK

ucC ‘ Use Case Name ...
# Actor| Action Input| Out | Condition Execution | Next
m? DecisionName? Alternative
m a A Conditionl | Alternative
m . Conditions | Alternative
m z Z Condition3 | Alternative
m? MergeName? Alternative

(a) The desired behavior pattern for alternative actions.

N

AD

-

~

Use Case Name

DecisionName

[Condition 1] /\ [Condition n]

[Conditions]

[ A

o) (4

\_

s

MergeName j

(b) The activity diagram pattern for alternative actions.

Figure C.10: The transformation rule for alternative actions (Alternative Rule).
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UC ‘ Use Case Name ...
# | Actor Action Input Output | Condition | Execution | Next
SendSignal name:
Type

(a) The desired behavior pattern for send signal actions.

N

AD

~

-

Use Case Name

name:Type >

- J

(b) The activity diagram pattern for send signal actions.

Figure C.11: The transformation rule for send signal actions (Send Signal Rule).

UC ‘ Use Case Name ...
# | Actor Action Input Output | Condition | Execution | Next
AcceptEvent | name:
Type

(a) The desired behavior pattern for accept event actions.

N

AD

~

-~

Use Case Name

E name:Type

\_ /

(b) The activity diagram pattern for accept event actions.

Figure C.12: The transformation rule for accept event actions (Accept Event Rule).
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C.2 TRANSFORMATION RULES TO TRANSFORM USE CASE SPECIFICATIONS TO

AcTIviITY DIAGRAMS AND BACK

ucC |

Use Case Name ...

# | Actor Action | Input Output Condition | Execution | Next
A
ceept Time
Event .
. Constraint
Timer

(a) The desired behavior pattern for accept event timer actions.

N

AD

-

Use Case Name

~

o

X

at(TimeConstraint)

J

(b) The activity diagram pattern for accept event timer actions.

Figure C.13: The transformation rule for accept event timer actions (Accept Event Timer

Rule).
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ucC ‘ Use Case Name ...
# Actor | Action Input | Output| Condition | Execution | Next
m RegionName
m a A
m ... Exception
m z 7
m RegionName

(a) The desired behavior pattern for interruptable action regions.

N

AD

\

interrupt flow

Use Case Name

_____________________

| Region Name : from action
l | ~ inside to action
| f outside the
l T region
e — ' J

(b) The activity diagram pattern for interruptable action regions.

Figure C.14: The transformation rule for interruptable action regions (Interruptable Ac-
tion Rule).
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C.3 Use Case Specification Language

C.3.1 ActivityDiagram

1 grammar ActivityDiagram extends UCDSys { MCG

2
3
4

ot

© o N o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

ActivityDiagramArtifact = ActivityDiagram;

scope ActivityDiagram =
"activitydiagram" "{"
ADElement*

"}",.

symbol scope NamedActivityDiagram extends ActivityDiagram =
"activitydiagram" Name "{"
ADElement x

"}",.

/ * = Activity Diagram Elements ============= x/
interface ADElement;

symbol ADSwimLane implements ADElement =
"allocate" Name@UCDSystem "{"
ADNode*

"}";

/* ============= Nodes ============= */
interface symbol scope ADNode extends ADElement;

ADActionNode implements ADNode =
Name
(("{"
ADActionElementx
H}")

IRPRY

ADSendSignalActionNode implements ADNode =
"sendSignal" MCType Name;

ADAcceptEventActionNode implements ADNode =
"recieveSignal" MCType Name;

interface ADControlNode extends ADNode;
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41 ADDecisionNode implements ADControlNode =
42 "decision" Name

13 e

44 ADPinx

45 ")

46 [ ":");

47

48  ADMergeNode implements ADControlNode =

49 "merge" Name ";";

50

51 ADForkNode implements ADControlNode

52 "fork" Name ";";

53
54 ADJoinNode implements ADControlNode =

55 "Join" Name ";";

56

57

58 /% ============= Control Flow ============= x/
59 ADEdge implements ADElement =

60 ADEdgeStart "->" ADEdgeEnd ";";

61

62 ADEdgeStart =

63 ["initial"] | Name@ADNode | ADMergeEdges | ADJoinEdges;

64

65 ADEdgeEnd =

66 ["final"] | ["flowfinal"] | Name@ADNode | ADDecisionEdges |
ADForkEdges;

67

68 ADMergeEdges =

69 (Name@ADNode || "|")+;

70

71 ADJoinEdges =

72 (Name@ADNode || "&")+;

73

74  ADDecisionEdges =

75 (ADConditionalEdge || "|")+;

76

77 ADConditionalkEdge =

78 "[" Expression "]" (Name@ADNode | ["final"] | ["flowfinal"]);

79

80 ADForkEdges =

81 (Name@ADNode || "&")+;

82

83 ADInterruptableRegion implements ADElement =

84 "interruptable" Name@UCDSystem "{"

85 (ADNode | ADInterruptFlow) +;
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86
87
88
89
90
91
92
93
94
95
96
97
98
99
[LOO
101
102
103
[L04
[LO5
[LO6

o7
108
[LO9
110

11
12
13
n14 }

"}",.

ADInterruptFlow implements ADElement =
ADEdgeStart "/->" ADEdgeEnd ";";

/* = Object Flow ============= */
ADObjectEdge implements ADElement =
start:ADActionPin "->" end: (ADActionPin || ",")+ ";";

ADActionPin =
node:Name@ADNode "." pin:Name@ADPin;

/ * = Action Elements ============= x/
interface ADActionElement;

ADActionDescription implements ADActionElement =
String ";";

ADHierarchicalAD implements ADActionElement =
ActivityDiagram | ("activitydiagram" Name@NamedActivityDiagram

";");

/ * = Object Pins = %/
symbol ADPin implements ADActionElement =
(in: [key("in")] | out:[key("out")]) MCTIype Name ("="
defaultValue:PinValue)? ";";

PinValue = Expression;

Listing C.1: ActivityDiagram grammar based on [Bla23].

C.3.2 UCST
1 grammar UCST extends ActivityDiagram { MCG
2
3 UCSTArtifact = UCSTElement+;
4

ot

o N O

interface UCSTElement;

UCD implements UCSTElement =
UseCaseDiagram;
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10 AD implements UCSTElement =

11 NamedActivityDiagram;

12

13 /x ============= Scenario Template =============x/

14

15 symbol scope NamedScenarioTemplate implements UCDUseCase =

16 "scenariotemplate" Name@UCDUseCase "{"

17 STElementx

18 n } ";

19

20 /* ============= Scenario Template Elements ===:::::=====*/

21

22 interface STElement;

23

24 Comment implements STElement =
25 SL_COMMENT | ML_COMMENT;

26

27 STTrigger implements STElement =
28 "trigger" String ";";

29

30 STConditions =

31 Expressionx;

32

33 STPreConditions extends STConditions implements STElement =

34 "pre" ((Expression | String) || ",")+ ";";
35 STPostConditions extends STConditions implements STElement =
36 "post" ((Expression | String) | ",")+ ";";

37

38 STGoal implements STElement =

39 "goal" String ";";

40

41 STPrimaryActor implements STElement =

42 "orimary" (STActor || ",")+ ";";

43

44 STSecondaryActors implements STElement =

45 "secondary" (STActor || ",")+ ";";

46

47 STActor =

48 Name@UCDActor | Name@UCDSystem;

49

50 STActivityDiagram implements STElement =

51 "behavior" ActivityDiagram | ("activitydiagram"
Name@NamedActivityDiagram ";");

52
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Listing C.2: Use case scenario template (UCST) grammar based on [Bla23].

C.4 Use Case Specification Examples
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Appendix D

Transformation Rules and Guidelines to
Generate Natural Language Requirements
from SysML Diagrams

D.1 Transformation Rules and Guidelines to Generate Natural
Language Requirements from Use Case Diagrams

Table D.1: UCD requirement generation templates to derive natural language require-
ments from use case models.

Requirement Generation Templates

ID Graphical Notation Requirement Template
<System>
UT1 [cfeaturen]? The <System> shall provide the <Actor> with
<Use Case> the ability to <Use Case>.
<Actor>
<System>
The <System> shall have the ability to <Use
UuT2
Case>.
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APPENDIX D TRANSFORMATION RULES AND GUIDELINES TO GENERATE NATURAL
LANGUAGE REQUIREMENTS FROM SYSML DIAGRAMS

Table D.1: UCD requirement generation templates to derive natural language require-

ments from use case models.

<System>

UT3 cmisusen The <System> shall forbid the <Actor> to
«mis <Misuse Case> <Misuse Case>.
<Actor>

<System>
If the use case <Main Use Case> is executed,
UT4 <Main Acter> <includen the <System> shall provide the <Actor> with

i the ability to <Include Use Case>.

<Include

Use Case>

<System>
If the use case <Main Use Case> is executed, the
uTh cinclude» <System> shall provide the <Included Actor>

ded with the ability to <Included Use Case>.
] Use Case>
<Included Actor>
<System>
<Main Use Case>

If the use case <Main Use Case> is executed, the
UT6 «include» <System> shall have the ability to <Included

<Included

Use Case>

Use Case>.
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D.1 TRANSFORMATION RULES AND GUIDELINES TO GENERATE NATURAL
LANGUAGE REQUIREMENTS FROM USE CASE DIAGRAMS

Table D.1: UCD requirement generation templates to derive natural language require-

ments from use case models.

<System>

f );
<Main Actor>

If the use case <Main Use Case> is executed,

UT7 oxtends the <System> shall provide the <Extend Ac-
) tor> with the ability to <extend use case>.
<Exten
Use Case>
<System>
If the use case <Main Use Case> is executed,
uTs8 cextend» the <system> shall provide the <main actor>
end with the ability to <extend use case>.
<Exten
] Use Case>
<Extend Actor>
<System>
<Main Use Case>
If the use case <Main Use Case> is executed,
UuT9 «extend» the <system> shall have the ability to <extend
use case>.
<Extend
Use Case>
<System>
<Main Use Case>
extension points . .
<ExtensionPoint> If the use case <Main Use Case> is executed and
<ExtensionPoint>, the <System> shall provide
UT10 «extend»

<Extend
Use Case>

the <Extend Actor> with the ability to <Ex-
tend Use Case>.
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LANGUAGE REQUIREMENTS FROM SYSML DIAGRAMS

Table D.1: UCD requirement generation templates to derive natural language require-

ments from use case models.

<Main Actor>

<System>

<Main Use Case>
extension points
<ExtensionPoint>

If the use case <Main Use Case> is executed and
<Extension Point>, the <System> shall provide

UT].]. «extend» . . “7e
end the <Main Actor> with the ability to <Extend
Use Case>.
Use Case>
<System>
<Main Use Case>
extension points
<ExtensionPoint> If the use case <Main Use Case> is executed and
UT12 <extend» <extension point>, the <System> shall have the
ability to <extend use case>.
<Extend
Use Case>
UT13 «feature» The feature <Feature> shall realize the use case
<Feature> <Feature>.
<System>
boundary According to the <Actor> the <System> shall
UT14 condition» <COHdlt10n>
< Condition > :
<Actor>
<System>
«boundary e
UT15 conditions The <System> shall <Condition>.

< Condition >
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LANGUAGE REQUIREMENTS FROM USE CASE DIAGRAMS

Table D.1: UCD requirement generation templates to derive natural language require-

ments from use case models.

<System>
UT16 Implementing the use case ’<Use Case>’ in-
cincluden cludes that the <System> <Condition>.
«boundary
condition»
< Condition >
<System>
Implementing the use case ’<Use Case>’ in-
<Main A > .
uT17 e cinclude» cludes that according to the <Actor> the <Sys-
«boundary tem> <Condition>.
condition»
< Condition >
<System>
«boundary
condition»
<Main 3 3
AN s Ir?apleme.ntmg that the <System> <Main Con-
UT18 cinclude» dition> includes that the <System> <Included
<boundary Condition>.
Sncuted
Condition>
<System>
«boundary
condition»
v Implementing that the system shall <Main Con-
UT19 | MemAeen? cinclude» dition> includes that according to the <Actor>
“boundary the <System> <Included Condition>.
Sncluden
Condition>
<Actor>
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Table D.1: UCD requirement generation templates to derive natural language require-
ments from use case models.

<System>

«boundary
condition»
<Main

ain The <System> <FExtend Condition>, if imple-
cextend» menting that the <System> <Main Condition>
requires this extension.

[<Main Actor>]?

UT20

«boundary

condition»
<Extend

Condition>

<System>

«boundary
condition»
<Main
Condition>

According to the <Actor> the <System> <Ex-
tend Condition>, if implementing that the <Sys-
tem> <Main Condition> requires this exten-
sion.

[<Main Actor>]?

UT21

«extend»

«boundary

condition»
<Extend

Condition>

<Actor>

<System>

«boundary
condition»
<Main Condition>

The <System> <Extend Condition>, if <Ex-
tensionPoint> when implementing that the
<System> <Main Condition>.

extension points
<ExtensionPoint>,

UT22 [<Main Actor>]?

«extend»

<Extend
Use Case>

<System>

«boundary
condition»
<Main Condition>

The according to the <Actor> the <System>
<Extend Boundary Condition Use Case>, if
<Extension Point> when implementing that
the <System> <Main Boundary Condition Use
Case>.

UT23 [<Main Actor>]?

extension points
<ExtensionPoint>,

«extend»

<Extend
Use Case>

<Actor>

Naming Conventions

ID ‘ Naming Convention ‘ Comment
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Table D.1: UCD requirement generation templates to derive natural language require-

ments from use case models.

UN1

<Process verb>+

[details on the verb or the object]?
<object>+

[details on the object]?

This naming convention for use cases and feature
use cases aims at preventing grammatical errors
in the requirements and should serve to meet a
requirement structure according to SPECTRE
(cf. section 5.2)

UNZ2

<Main Use Case>

extension points
<ExtensionPoint>

As the formulation of extension points affects
the correctness of the requirements according to
UT10, UT11, and UT12, this naming convention
for the extension points aims at ensuring the gen-
eration of grammatically correct requirements.

UN3

<Process verb>+
[details on the verb or the object
with respect to the actor] +

«secondary»/ <object>+
«tertiary» [details on the object

<Actor> "
g with respect to the actor]+

As secondary and tertiary actors often have a
complicated interaction with the system by de-
scribing details on the verb or subject, this
naming convention ensures that the modeler ex-
presses them in the <details on subject or verb
defining the interaction with the secondary or
tertiary actor>.

UN4

«boundary condition»
[system attribute]? shall <Process verb>+
[details on the verb or the object]?
<object>+
[details on the object]?

To derive grammatically correct natural lan-
guage requirements from boundary condition use
cases, the boundary conditions must contain an
optional system attribute the system modifies,
the modal verb shall, a process verb and optional
objects and details on the process verb.

Additional notes on the application of the templates:

e General Note: All generated SysML requirement elements should be linked (e.g.,
via a «derivenrelationship) to the element it was generated from to achieve trace-
ability according to [SPI15].

Note on UT4: The formulation of this template might seem misleading at the

first sight, as the actor connected to the main use case is not involved in the
execution of the include use case according to the use case semantic definition.
This template was added on request of the stakeholders in the industry projects

Zeta and Delta to highlight that the actor involved in the main use case, gets the

347



APPENDIX D TRANSFORMATION RULES AND GUIDELINES TO GENERATE NATURAL
LANGUAGE REQUIREMENTS FROM SYSML DIAGRAMS

included functionality as surprise. Principally, the formulation from UT6 would
suffice.

Note on UT13: is executed in addition to UT1-2 to link features with their imple-
menting use cases.

Note on UT15 and UT16: For boundary condition use cases only these to

Note on UN3: As secondary and tertiary actors often have a complicated interac-
tion with the system by describing details on the verb or subject, the easiest way
to express them in the model are to mention then in the <details on subject or
verb>. As a straightforward conformance check, the appearance of the actor in
this string is automatically testable.

D.2 Transformation Rules and Guidelines to Generate Natural

Language Requirements from Activity Diagrams

Table D.2: AD requirement generation templates to derive natural language require-

ments from use case models.

Main Requirement Generation Templates

ID Graphical Notation Requirement Template
<inl>: <inN>: The <Feature> shall <action> using <inl>
<In1Type> <InNType> of type <InlType>, ..., and <inN> of
AT1.1 11 [] type <InNType>, providing <outl> of type
[ <action> j <OutlType>, ..., and <OutN> of type <Out-
1] (] NType>.
<outl>: <outN>:
<OutlType><OutNType>
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LANGUAGE REQUIREMENTS FROM ACTIVITY DIAGRAMS

Table D.2: AD requirement generation templates to derive natural language require-

ments from use case models.

[N
<Feature> AD

«allocate» :<System>
( — ’ y. N The <System> shall <action> using <inl>
<inl>: <INN>: .
<IniTypes <InNTypes of type <InlType>, e and <inN> of
AT1.2 In M type <InNType>, providing <outl> of type
[ j <OutlType>, ..., and <OutN> of type <Out-
<action>
NType>.
U L]
<outl>: <outN>:
<Outl1Type><OutNType>
Feature> AD . -
AT5.1 The <Feature> shall <send action> providing
) <send action> : the <Signal> signal.
<Signal>
«allocate» :<System> The <System> shall <send action> providing
AT5.2 . .
the <Signal> signal.
<send action>: :
<Signal>
D . . ..
The <Feature> shall <receive action> receiving
AT6.1 . - : :
<receive action> : the <Signal> signal.
<Signal>
<Feature> AD
AT6.2 «allocate» :<System> The <System> shall <receive action> receiving

<receive action>:
<Signal>

the <Signal> signal.
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Table D.2: AD requirement generation templates to derive natural language require-

ments from use case models.

<Feature> AD

The <Feature> shall <accept time event ac-

AT7.1 .
tion>.
<accept time
event action>
<Feature> AD
«allocaten :<System> The <System> shall <accept time event action>
AT7.2 . . .
X receiving the <Signal> signal.
<accept time
event action>
<Feature> AD
ATS.1 @ The <Feature> shall terminate its execution.
ATS.2 The <System> shall terminate the execution of
’ «anocatgsysmm> the feature ‘<Feature>’.
Execution Trigger Template
1D Graphical Notation Requirement Template
<Feature> AI;T
All.1 As soon as the feature ‘<Feature>’ is executed,
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD
«allocate» :<System>
AIL9 As soon as the <System under Development>
: v executes the feature ‘<Feature>’,
<Feature> AD
AT2.1 [<PI’EVi°US action>] As soon as the feature ‘<Feature>’ finalized to
' <previous action>,
<Feature> AD
«allocate» :<System>
As soon as the system ‘<System>’ finalized to
AlI2.2 [<previous action> j . . Y ¥
<previous action>,
<Feature> A[;j
<previous
AL3.1 receive action> As soon as the feature ‘<Feature>’ finalized to
’ send the <previous send action>,
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Table D.2: AD requirement generation templates to derive natural language require-

ments from use case models.

Al3.2

<Feature> AD

«allocate» :<System>

<previous
receive action>

As soon as the system ‘<System>’ finalized to
send the <previous send signal action>,

Al4.1

<Feature> AD
<previous send
action>

As soon as the feature ‘<Feature>’ finalized to
receive the <previous receive signal action>,

Al4.2

<Feature> AD

«allocate» :<System>

<previous send
action>

As soon as the system ‘<System>’ finalized to
<previous receive signal action>,
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD
<previous
Al5.1 time event> As soon as the feature ‘<Feature>’ detected
' <previous time event> as time event,
<Feature> AD
«allocate» :<System>
AL5.2 <previous As soon as the system ‘<System>’ detected
’ time event> <previous time event> as time event,
<Feature> AD
{<previous action1>]
As soon as the feature ‘<Feature>’ executed
Al6.1 <previous . .
. <Actionl> AND ... AND <ActionN>,
actionN>
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD

«allocate» :<System>

{<previous action1>]

AL6.2 «allocate» :<System> As soon as the system ‘<System>’ executed
' <previous <Actionl> AND ... AND <ActionN>,
actlonN>
<Feature> AD
{<prevnous actlon1>]
As soon as the feature ‘<Feature>’ fulfills <Join-
AI7.1 <previous Spec>
actionN> ’

{joinSpec =
JoinSpec}
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD

«allocate» :<System>

{<previous action1>]

«allocate» :<System> As soon as the system ‘<System>’ fulfills <Join-

] Spec>,

Al7.2

actionN>

[ <previous

{joinSpec =
JoinSpec}

<Feature> ADj

As long as the feature ‘<Feature>’ executes

|

I

I

I

.ee I
| <Actionl>, ..., <ActionN>,

I

I

I

I

I

I

|

Al8.1
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD
«allocate» :<System>
jmmm————————
I . !
' :
AIS.2 | i Aslong as the system ‘<System>’ executes <Ac-
' : : tionl>, ..., <ActionN>,
I
: ‘
! l
! |
> | X
' I
\ —————————— -
Region Condition Templates
ID Graphical Notation Requirement Template
<Feature> AD
— )
| <action1> |
! |
! |
! |
I
| <actionN> : As soon as the feature ‘<Feature>’ finalized to
AR1.1 : : <previous action>, the <Feature> shall inter-
: <previous : rupt ‘<Actionl>’, ..., ‘<ActionN>".
' action> !
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Table D.2: AD requirement generation templates to derive natural language require-

ments from use case models.

<Feature> AD

«allocate» :<System>

[ <actionl> j
[ <actionN> j

A el e

As soon as the system ‘<System>’ finalized to

shall interrupt ‘<Actionl>’, ..., ‘<ActionN>".

AR1.2 <previous action>, the <System> shall inter-
rupt ‘<Actionl>’; ..., AND ‘<ActionN>.’
<previous
action>
<Feature> AD
———— )
: [ <action1> j |
! I
! I
! I
I
I[ <actionN> j: As soon as the feature ‘<Feature>’ received
AR2.1 : : <previous receive signal action>, the <Feature>
I
! I
! I
! !

<receive signal
action>
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD
«allocate» :<System>
— " )
! [ <action1> j |
! |
! |
: : As soon as the system ‘<System>’ received
AR2.2 : [ <actionN> ] | <previous receive action>, the <System> shall
| : interrupt ‘<Actionl>’, ..., ‘<ActionN>’.
I
| <receive signal :
! action> I
! J
<Feature> AD
e ———— ]
: [ <action1> ] !
| 1
! I
! I
! . I As soon as the feature ‘<Feature>’ detected
1 <actionN> 1 . . .
AR3.1 I I <time event action> as time event, the <Fea-
' : | ture> shall interrupt ‘<Actionl>’, ..., ‘<Ac-
I <time event : tionN>".
: action> 1
~ T e e e )
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD

«allocate» :<System>

—————"""" )

: [ <action1> j :

! |

I

| : As soon as the system ‘<System>’ detected

| I . . . B
AR3.2 | [ <actionN> j | <time event 'actlon> as t1m§ event, the <Sys

: | tem> shall interrupt ‘<Actionl>’, ..., ‘<Ac-

i , | tionN>",

I <time event |

| action> |

\— _ _ ____ )

Execution Condition Templates

ID Graphical Notation Requirement Template
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Table D.2: AD requirement generation templates to derive natural language require-
ments from use case models.

<Feature> AD
[condition 1]
AC . - e
11 , if <conditionl> AND ... AND <conditionN>?
[condition N]
<Feature> AD
A
]
2 E
o
[’d
v t
AC [condition 1] , if <conditionl> is fulfilled in the context of
19 54 <System1> AND ... AND <conditionN>? is
‘ 3 E fulfilled in the context of <SystemN>
T @
S g
)
v Vv [condition N]

Naming Conventions
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Table D.2: AD requirement generation templates to derive natural language require-

ments from use case models.

ID Naming Convention Comment
<Process verb>+ This naming convention for actions aims at pre-
AN1 [details on the verb or the object]? | | venting grammatical errors in the requirements
<object>+ and should serve to meet a requirement structure
[details on the object]? according to SPECTRE (c¢f. section 5.2)

[ ] [ j This naming convention for join specifications at
) 7 {joinSpec = join nodes aims at preventing grammatical er-
AN?2 ([']7[2 2] rors in the requirements and should serve to meet
(['|.| '.| .é(&.] a requirement structure according to SPECTRE

[aZ])?)'f'} (Cf section 52)
[conditional This naming convention for conditions after de-
sencence cision nodes aims at preventing grammatical er-
ANS3 without if] rors in the requirements and should serve to meet
a requirement structure according to SPECTRE

(cf. section 5.2)

e General Note: All generated SysML requirement elements should be linked (e.g.,

via a «derivenrelationship) to the element it was generated from to achieve trace-

ability according to [SPI15].

General Note: Depending on the contents of the templates the capitalization of

AT1.1 and AT1.2 must be adapted.

General Note: The ...

on the control flow indicates that there exists a direct control

flow between the element with potential fork, joins and merges in-between, but no

additional action.

AI8.1/AI8.2: The requirement prefix shall be generated for each accept event (ac-
cept event action and accept time event action) requirement in the region without

in-going control flow.
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D.3 Transformation Rules and Guidelines to Generate Natural
Language Requirements from Internal Block Diagrams

Table D.3: Requirement generation templates to derive natural language requirements
for functionality and interface requirements from activity diagram models

based on [Zab23].

Requirement Generation Rules

ID Graphical Notation Requirement Template
[ a0 )
«allocate» :<System>
<ActionExecutionPreCondition>?, The <Sys-
PreCondition-? temy> shall <action> using ‘<inl>" of
type ‘<InlType>’, ..., and ‘<inN>’ of type
IT1 [ehction ‘<InNType>’, providing ‘<outl>’ of type
. COrLciiIi]t'i\jcirf?] ‘<OutlType>’, ..., and ‘<outN>’ of type
<niType>| <inNTypes ‘<OutNType>’, <ActionExecutionCondi-
- = tion>?. (According to the transformation rules
in Table D.2)
<outl>: <outN>:
<OutlType> <OutNType>
The <Providing System> shall provide the <Re-
LT2 j e : ceiving System> with the ‘<out>’ of type
: g System> [3] ) System> ‘<Type> ,
The <Receiving System> shall receive the
LT3 j s : ‘<in>’ of type ‘<Type>’ from the <Providing
: iding System> [5] BE System> System> )
Notes:

e General Note: All generated SysML requirement elements should be linked (e.g.,
via a «derivenrelationship) to the element it was generated from to achieve trace-
ability according to [SPI15].

D.4 Transformation Rules and Guidelines to Generate Natural
Language Requirements from State Machine Diagrams
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Table D.4: STM requirement generation templates to derive natural language require-

ments from state machines.

Requirement Generation Templates

ID Graphical Notation Requirement Template
<System>
ST1 <State> The <System> shall have a <State> state.
<System>
As soon as the <System> enters the state
ST2 r <State> \ ‘<State>’; the <System> shall <entryActiv-
@try /<entryActivitﬁ ity>.
<System>
As long as the <System> is in the state
/ <State> \ ‘ ) o
ST3 <State>’, the <System> shall have the ability
@/<doActivity> j to <doActivity>.
<System>
ST4 / <State> \ As soon as the <System> exits the state
‘ b . o .
bit/<exitActivity>j <State>’, the <System> shall <exitActivity>.
<System>
[<Source$tate>] As long as the <System> is in the state
ST5 ‘<SourceState>" (AND <Guard>)?, the <Sys-

[<guard>?]

[ <TargetState> )

tem> shall have the ability enter the state ‘<Tar-
getState>".
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Table D.4: STM requirement generation templates to derive natural language require-

ments from state machines.

<System>

[ <SourceState> ]

As soon as the <System> receives the trig-
ger ‘<Trigger>" AND the <System> is in the

ST6 [Tilgfaerrd>]? ‘<SourceState>" (AND <Guard>)?, the <Sys-
/<gActivity'>? tem> shall enter the state ‘<TargetState>’
(AND <Activity>).
[ <TargetState> ]
<System>
As soon as the <System> becomes operational,
ST7 the <System> shall enter the state ‘<Initial-
[ <State> ) State>".
<System>
STS [ <State> ) As long as the <System> is in the state ‘<Final-
% State>’, the <System> may finish its operation.
Naming Conventions
ID Naming Convention Comment
<System> This naming convention for states aims at pre-
N1 <A single noun venting grammatical errors in the requirements

describing the

system state>

and should serve to meet a requirement structure
according to SPECTRE (cf. section 5.2)
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Table D.4: STM requirement generation templates to derive natural language require-
ments from state machines.

<System>
[ <SourceState> ) This naming convention for guards in transitions
aims at preventing grammatical errors in the re-
SN2 [Conditional quirements and should serve to meet a require-
sentence ment structure according to SPECTRE (¢f. sec-
without if] tion 5.2)
[ <TargetState> )

Notes:

e General Note: All generated SysML requirement elements should be linked (e.g.,
via a «derivenrelationship) to the element it was generated from to achieve trace-
ability according to [SPI15].

e Note on ST2-6: In addition to the link, this requirement should also be linked to
the implementing activity requirement in the activity in the operating principle
model using the «deriverrelationship.
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Related Work from the SE Group, RWTH Aachen, June 25

The following section gives an overview of related work done at the SE Group, RWTH Aachen.
More details can be found on the website www.se-rwth.de/topics/ or in [HMR+19]. The
work presented here mainly has been guided by our mission statement:

Our mission is to define, improve, and industrially apply techniques, concepts, and methods
for innovative and efficient development of software and software-intensive systems, such that
high-quality products can be developed in a shorter period of time and with flexible integration
of changing requirements. Furthermore, we demonstrate the applicability of our results in various
domains and potentially refine these results in a domain specific form.

Agile Model Based Software Engineering

Agility and modeling in the same project? This question was raised in [RumO4c]: “Using an
executable, yet abstract and multi-view modeling language for modeling, designing and pro-
gramming still allows to use an agile development process.”, [JWCR18] addresses the question of
how digital and organizational techniques help to cope with the physical distance of developers
and [RRSW17] addresses how to teach agile modeling,.

Modeling will increasingly be used in development projects if the benefits become evident
early, e.g with executable UML [Rum02] and tests [Rum03]. In [GKR~+06], for example, we
concentrate on the integration of models and ordinary programming code. In [Ruml1l, Rum12]
and [Rum16, Rum17], the UML/P, a variant of the UML especially designed for programming,
refactoring, and evolution is defined.

The language workbench MontiCore [GKR+406, GKR+08, HKR21] is used to realize the UM-
L/P [Sch12]. Links to further research, e.g., include a general discussion of how to manage and
evolve models [LRSS10], a precise definition for model composition as well as model languages
[HKR4-09], and refactoring in various modeling and programming languages [PR03]. To better
understand the effect of an agile evolving design, we discuss the need for semantic differencing
in [MRR10].

In [FHRO8] we describe a set of general requirements for model quality. Finally, [KRV06]
discusses the additional roles and activities necessary in a DSL-based software development
project. In [CEG+14] we discuss how to improve the reliability of adaptivity through models
at runtime, which will allow developers to delay design decisions to runtime adaptation. In
[KMA+16] we have also introduced a classification of ways to reuse modeled software components.

Artifacts in Complex Development Projects

Developing modern software solutions has become an increasingly complex and time consuming
process. Managing the complexity, the size, and the number of artifacts developed and used
during a project together with their complex relationships is not trivial [BGRW17].

To keep track of relevant structures, artifacts, and their relations in order to be able, e.g., to
evolve or adapt models and their implementing code, the artifact model [GHR17, Grel9] was
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introduced. [BGRW18] and [HJK+21] explain its applicability in systems engineering based on
MDSE projects and [BHR+18] applies a variant of the artifact model to evolutionary develop-
ment, especially for CPS.

An artifact model is a meta-data structure that explains which kinds of artifacts, namely code
files, models, requirements files, etc. exist and how these artifacts are related to each other.
The artifact model, therefore, covers the wide range of human activities during the development
down to fully automated, repeatable build scripts. The artifact model can be used to optimize
parallelization during the development and building, but also to identify deviations of the real
architecture and dependencies from the desired, idealistic architecture, for cost estimations, for
requirements and bug tracing, etc. Results can be measured using metrics or visualized as graphs.

Artificial Intelligence in Software Engineering

MontiAnna is a family of explicit domain specific languages for the concise description of the
architecture of (1) a neural network, (2) its training, and (3) the training data [KNP+19].
We have developed a compositional technique to integrate neural networks into larger software
architectures [KRRW17] as standardized machine learning components [KPRS19]. This enables
the compiler to support the systems engineer by automating the lifecycle of such components
including multiple learning approaches such as supervised learning, reinforcement learning, or
generative adversarial networks.

For analysis of MLOps in an agile development, a software 2.0 artifact model distinguishing
different kinds of artifacts is given in [AKK+21].

According to [MRR11g] the semantic difference between two models are the elements contained
in the semantics of the one model that are not elements in the semantics of the other model.
A smart semantic differencing operator is an automatic procedure for computing diff witnesses
for two given models. Such operators have been defined for Activity Diagrams [MRR11d], Class
Diagrams [MRR11b], Feature Models [DKMR19], Statecharts [DEKR19], and Message-Driven
Component and Connector Architectures [BKRW17, BKRW19]. We also developed a modeling
language-independent method for determining syntactic changes that are responsible for the
existence of semantic differences [KR18a].

We apply logic, knowledge representation, and intelligent reasoning to software engineering
to perform correctness proofs, execute symbolic tests, or find counterexamples using a theorem
prover. We have defined a core theory in [BKR+20], which is based on the core concepts of Broy’s
Focus theory [RR11, BRO7], and applied it to challenges in intelligent flight control systems and
assistance systems for air or road traffic management [KRRS19, KMP+21, HRR12].

Intelligent testing strategies have been applied to automotive software engineering [EJK+19,
DGH+19, KMS+18], or more generally in systems engineering [DGH+18]. These methods are
realized for a variant of SysML Activity Diagrams (ADs) and Statecharts.

Machine Learning has been applied to the massive amount of observable data in energy man-
agement for buildings [FLP+11, KLPR12] and city quarters [GLPR15] to optimize operational
efficiency and prevent unneeded CO2 emissions or reduce costs. This creates a structural and
behavioral system theoretical view on cyber-physical systems understandable as essential parts
of digital twins [RW18, BDH+20].
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Generative Software Engineering

The UML/P language family [Ruml12, Rumll, Ruml6] is a simplified and semantically sound
derivate of the UML designed for product and test code generation. [Sch12] describes a flexible
generator for the UML/P, [Habl6] for MontiArc is used in domains such as cars or robotics
[HRR12], and [AMN+20a] for enterprise information systems based on the MontiCore language
workbench [KRV10, GKR+06, GKR+08, HKR21].

In [KRV06], we discuss additional roles necessary in a model-based software development
project. [GKR+06, GHK+15, GHK+15a] discuss mechanisms to keep generated and handwrit-
ten code separated. In [Weil2, HRW15, Hoel8|, we demonstrate how to systematically derive a
transformation language in concrete syntax and, e.g., in [HHR+15, AHRW17] we have applied
this technique successfully for several UML sub-languages and DSLs.

[HNRW16] presents how to generate extensible and statically type-safe visitors. In [NRR16],
we propose the use of symbols for ensuring the validity of generated source code. [GMR+16]
discusses product lines of template-based code generators. We also developed an approach for
engineering reusable language components [HLN+15, HLN+15a].

To understand the implications of executability for UML, we discuss the needs and the advan-
tages of executable modeling with UML in agile projects in [Rum04c], how to apply UML for
testing in [Rum03], and the advantages and perils of using modeling languages for programming
in [Rum02].

Unified Modeling Language (UML) & the UML-P Tool

Starting with the early identification of challenges for the standardization of the UML in [KER99]
many of our contributions build on the UML/P variant, which is described in the books [Rum16,
Rum17] and is implemented in [Sch12].

Semantic variation points of the UML are discussed in [GR11]. We discuss formal semantics for
UML [BHP+98] and describe UML semantics using the “System Model” [BCGR09], [BCGR09a],
[BCRO7b] and [BCRO7a]. Semantic variation points have, e.g., been applied to define class
diagram semantics [CGRO08]. A precisely defined semantics for variations is applied when checking
variants of class diagrams [MRR11e] and object diagrams [MRR11c] or the consistency of both
kinds of diagrams [MRR11f]. We also apply these concepts to activity diagrams [MRR11a] which
allows us to check for semantic differences in activity diagrams [MRR11d]. The basic semantics
for ADs and their semantic variation points are given in [GRR10].

We also discuss how to ensure and identify model quality [FHRO08], how models, views, and
the system under development correlate to each other [BGH+98b], and how to use modeling in
agile development projects [Rum04c|, [Rum03] and [Rum02].

The question of how to adapt and extend the UML is discussed in [PFR02] describing product
line annotations for UML and more general discussions and insights on how to use meta-modeling
for defining and adapting the UML are included in [EFLR99a], [FEL+98] and [SRVK10].

The UML-P tool was conceptually defined in [Rum16, Rum17, Rum12, Rumll], got the first
realization in [Sch12], and is extended in various ways, such as logically or physically distributed
computation [BKRW17a]. Based on a detailed examination [JPR+22], insights are also trans-
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ferred to the SysML 2.

Domain Specific Languages (DSLs)

Computer science is about languages. Domain Specific Languages (DSLs) are better to use than
general-purpose programming languages but need appropriate tooling. The MontiCore language
workbench [GKR+06, KRV10, Kral0, GKR+08, HKR21] allows the specification of an integrated
abstract and concrete syntax format [KRV07b, HKR21] for easy development. New languages
and tools can be defined in modular forms [KRV08, GKR+07, Voell, HLN+15, HLN+15a,
HRW18, BEK+18b, BEK+19, Sch12] and can, thus, easily be reused. We discuss the roles in
software development using domain specific languages already in [KRV06] and elaborate on the
engineering aspect of DSL development in [CFJ+16].

[Weil2, HRW15, Hoel8] present an approach that allows the creation of transformation rules
tailored to an underlying DSL. Variability in DSL definitions has been examined in [GR11,
GMR+16]. [BDL+18] presents a method to derive internal DSLs from grammars. In [BJRW18],
we discuss the translation from grammars to accurate metamodels. Successful applications have
been carried out in the Air Traffic Management [ZPK+11] and television [DHH+20] domains.
Based on the concepts described above, meta modeling, model analyses, and model evolution
have been discussed in [LRSS10] and [SRVK10]. [BJRW18] describes a mapping bridge between
both. DSL quality in [FHRO8], instructions for defining views [GHK+07] and [PFR02], guidelines
to define DSLs [KKP+09], and Eclipse-based tooling for DSLs [KRV07a] complete the collection.

A broader discussion on the global integration of DSMLs is given in [CBCR15] as part of
[CCF+15a], and [TAB+21] discusses the compositionality of analysis techniques for models.

The MontiCore language workbench has been successfully applied to a larger number of do-
mains, resulting in a variety of languages documented, e.g., in [AHRW17, BEH+20, BHR+21,
BPR+20, HHR+15, HJIRW20, HMR~+19, HRR12, PBI4+16, RRW15] and Ph.D. theses like
[Ber10, Grel9, Hab16, Her19, Kus21, Lool7, Pinl4, Plo18, Reil6, Rot17, Sch12, Worl6].

Software Language Engineering

For a systematic definition of languages using a composition of reusable and adaptable language
components, we adopt an engineering viewpoint on these techniques. General ideas on how to
engineer a language can be found in the GeMoC initiative [CBCR15, CCF+15a]. As said, the
MontiCore language workbench provides techniques for an integrated definition of languages
[KRVO07b, Kral0, KRV10, HR17, HKR21, HRW18, BPR+20, BEK+19].

In [SRVK10] we discuss the possibilities and the challenges of using metamodels for language
definition. Modular composition, however, is a core concept to reuse language components like
in MontiCore for the frontend [Voell, Naz17, KRV08, HLN+15, HLN+15a, HNRW16, HKR21,
BEK+18b, BEK+19] and the backend [RRRW15b, NRR16, GMR+16, HKR21, BEK+18b,
BBC+18]. In [GHK+15, GHK+15a], we discuss the integration of handwritten and generated
object-oriented code. [KRV10] describes the roles in software development using domain specific
languages.

Language derivation is to our belief a promising technique to develop new languages for a
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specific purpose, e.g., model transformation, that relies on existing basic languages [HRW18].

How to automatically derive such a transformation language using a concrete syntax of the
base language is described in [HRW15, Weil2] and successfully applied to various DSLs.

We also applied the language derivation technique to tagging languages that decorate a base
language [GLRR15] and delta languages [HHK+15, HHK+13] that are derived from base lan-
guages to be able to constructively describe differences between model variants usable to build
feature sets.

The derivation of internal DSLs from grammars is discussed in [BDL+18] and a translation of
grammars to accurate metamodels in [BJRW18].

Modeling Software Architecture & the MontiArc Tool

Distributed interactive systems communicate via messages on a bus, discrete event signals,
streams of telephone or video data, method invocation, or data structures passed between soft-
ware services.

We use streams, statemachines [GKR+96], and components [BR07] as well as expressive forms
of composition and refinement [PR99, PR97, RW18] for semantics. Furthermore, we built a
concrete tooling infrastructure called MontiArc [HRR10, HRR12] for architecture design and
extensions for states [RRW13c, BKRW17a, RRW14a, Worl6]. In [RRW13], we introduce a code
generation framework for MontiArc. [RRRW15b] describes how the language is composed of
individual sublanguages.

MontiArc was extended to describe variability [HRR+11] using deltas [HRRS11, HKR+11]
and evolution on deltas [HRRS12]. Other extensions are concerned with modeling cloud architec-
tures [PR13], security in [HHR+15], and the robotics domain [AHRW17, AHRW17b]. Extension
mechanisms for MontiArc are generally discussed in [BHH+17].

[GHK+-07] and [GHK+08] close the gap between the requirements and the logical architecture
and [GKPRO8] extends it to model variants.

[MRR14b] provides a precise technique for verifying the consistency of architectural views
[Rin14, MRR13] against a complete architecture to increase reusability. We discuss the synthesis
problem for these views in [MRR14a]. An experience report [MRRW16] and a methodological
embedding [DGH+19] complete the core approach.

Extensions for co-evolution of architecture are discussed in [MMR10], for powerful analyses
of software architecture behavior evolution provided in [BKRW19], techniques for understand-
ing semantic differences presented in [BKRW17], and modeling techniques to describe dynamic
architectures shown in [HRR98, HKR+16, BHK+17, KKR19].

Compositionality & Modularity of Models
[HKR409, TAB+21] motivate the basic mechanisms for modularity and compositionality for

modeling. The mechanisms for distributed systems are shown in [BR07, RW18] and algebraically
grounded in [HKR+07]. Semantic and methodical aspects of model composition [KRV08] led to
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the language workbench MontiCore [KRV10, HKR21] that can even be used to develop mod-
eling tools in a compositional form [HKR21, HLN+15, HLN+15a, HNRW16, NRR16, HRW18,
BEK+18b, BEK+19, BPR+20, KRV07b]. A set of DSL design guidelines incorporates reuse
through this form of composition [KKP+09].

[Voell] examines the composition of context conditions respectively the underlying infrastruc-
ture of the symbol table. Modular editor generation is discussed in [KRVO0T7al]. [RRRW15b]
applies compositionality to robotics control.

[CBCR15] (published in [CCF+15a]) summarizes our approach to composition and remaining
challenges in form of a conceptual model of the “globalized” use of DSLs. As a new form of
decomposition of model information, we have developed the concept of tagging languages in
[GLRR15, MRRW16]. It allows the description of additional information for model elements in
separated documents, facilitates reuse, and allows typing tags.

Semantics of Modeling Languages

The meaning of semantics and its principles like underspecification, language precision, and
detailedness is discussed in [HR04]. We defined a semantic domain called “System Model” by
using mathematical theory in [RKB95, BHP+98] and [GKR96, KRB96, RK96]. An extended
version especially suited for the UML is given in [GRR09], [BCGR09a] and in [BCGRO09] its
rationale is discussed. [BCRO7a, BCRO7b] contain detailed versions that are applied to class
diagrams in [CGRO8] or sequence diagrams in [BGH+98a).

To better understand the effect of an evolved design, detection of semantic differencing, as
opposed to pure syntactical differences, is needed [MRR10]. [MRR11d, MRR11a] encode a
part of the semantics to handle semantic differences of activity diagrams. [MRR11f, MRR11{]
compare class and object diagrams with regard to their semantics. Furthermore, [BKRW17]
compares component and connector architectures similar to SysML’ block definition diagrams
and [RSR+99] discusses the combination of those architectures with the UML.

In [BRO7, RR11], a precise mathematical model for distributed systems based on black-box
behaviors of components is defined and accompanied by automata in [Rum96]. Meta-modeling
semantics is discussed in [EFLR99]. [BGH+97] discusses potential modeling languages for the
description of exemplary object interaction, today called sequence diagram. [BGH+98b] discusses
the relationships between a system, a view, and a complete model in the context of the UML.

[GR11] and [CGRO9] discuss general requirements for a framework to describe semantic and
syntactic variations of a modeling language. We apply these to class and object diagrams in
[MRRI11f{] as well as activity diagrams in [GRR10].

[Rum12] defines the semantics in a variety of code and test case generation, refactoring,
and evolution techniques. [LRSS10] discusses the evolution and related issues in greater de-
tail. [RW18] discusses an elaborated theory for the modeling of underspecification, hierarchical
composition, and refinement that can be practically applied to the development of CPS.

A first encoding of these theories in the Isabelle verification tool is defined in [BKR+-20].
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Evolution and Transformation of Models

Models are the central artifacts in model driven development, but as code, they are not initially
correct and need to be changed, evolved, and maintained over time. Model transformation is
therefore essential to effectively deal with models [CFJ+16].

Many concrete model transformation problems are discussed: evolution [LRSS10, MMRI10,
Rum04c, MRR10], refinement [PR99, PR97, KPR9I7, PR94], decomposition [PR99, KRW20], syn-
thesis [MRR14a], refactoring [Rum12, PR03], translating models from one language into another
[MRR1le, Ruml2], systematic model transformation language development [Weil2, HRW15,
Hoel8, HHR+15], repair of failed model evolution [KR18a].

[Rum04c] describes how comprehensible sets of such transformations support software develop-
ment and maintenance [LRSS10], technologies for evolving models within a language and across
languages, and mapping architecture descriptions to their implementation [MMR10]. Automaton
refinement is discussed in [PR94, KPR97] and refining pipe-and-filter architectures is explained
in [PR99, PR97]. This has e.g. been applied for robotics in [AHRW17, AHRW17b].

Refactorings of models are important for model driven engineering as discussed in [PR01, PR03,
Ruml12]. [HRRS11, HRR+11, HRRS12] encode these in constructive Delta transformations,
which are defined in derivable Delta languages [HHK+13].

Translation between languages, e.g., from class diagrams into Alloy [MRR11e] allows for com-
paring class diagrams on a semantic level. Similarly, semantic differences of evolved activity
diagrams are identified via techniques from [MRR11d] and for Simulink models in [RSW+15].

Variability and Software Product Lines (SPL)

Products often exist in various variants, for example, cars or mobile phones, where one man-
ufacturer develops several products with many similarities but also many variations. Variants
are managed in a Software Product Line (SPL) that captures product commonalities as well as
differences. Feature diagrams describe variability in a top down fashion, e.g., in the automotive
domain [GHK+08, GKPRO8] using 150% models. Reducing overhead and associated costs is
discussed in [GRJA12].

Delta modeling is a bottom up technique starting with a small, but complete base variant.
Features are additive, but also can modify the core. A set of commonly applicable deltas
configures a system variant. We discuss the application of this technique to Delta-MontiArc
[HRRS11, HRR+11] and to Delta-Simulink [HKM+13]. Deltas can not only describe special
variability but also temporal variability which allows for using them for software product line
evolution [HRRS12]. [HHK+13, HHK+15] and [HRW15] describe an approach to systematically
derive delta languages.

We also apply variability modeling languages to describe syntactic and semantic variation
points, e.g., in UML for frameworks [PFR02] and generators [GMR+16]. Furthermore, we spec-
ified a systematic way to define variants of modeling languages [CGR09], leverage features for
their compositional reuse [BEK+18b, BEK+19], and applied it as a semantic language refinement
on Statecharts in [GR11].
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Digital Twins and Digital Shadows in Engineering and Production

The digital transformation of production changes the life cycle of the design, the production, and
the use of products [BDJ+22]. To support this transformation, we can use Digital Twins (DTs)
and Digital Shadows (DSs). In [DMR+20] we define: ”A digital twin of a system consists of a
set of models of the system, a set of digital shadows, and provides a set of services to use the
data and models purposefully with respect to the original system.”

We have investigated how to synthesize self-adaptive DT architectures with model-driven meth-
ods [BBD+21a] and have applied it e.g. on a digital twin for injection molding [BDH+20]. In
[BDR+21] we investigate the economic implications of digital twin services.

Digital twins also need user interaction and visualization, why we have extended the infrastruc-
ture by generating DT cockpits [DMR+20]. To support the DevOps approach in DT engineering,
we have created a generator for low-code development platforms for digital twins [DHM+22] and
sophisticated tool chains to generate process-aware digital twin cockpits that also include con-
densed forms of event logs [BMR+22].

[BBD+21b] describes a conceptual model for digital shadows covering the purpose, relevant
assets, data, and metadata as well as connections to engineering models. These can be used
during the runtime of a DT, e.g. when using process prediction services within DTs [BHK+21].

Integration challenges for digital twin systems-of-systems [MPRW22] include, e.g., the hori-
zontal integration of digital twin parts, the composition of DTs for different perspectives, or how
to handle different lifecycle representations of the original system.

Modeling for Cyber-Physical Systems (CPS)

Cyber-Physical Systems (CPS) [KRS12, BBR20] are complex, distributed systems that control
physical entities. In [RW18], we discuss how an elaborated theory can be practically applied to
the development of CPS. Contributions for individual aspects range from requirements [GRJA12],
complete product lines [HRRW12], the improvement of engineering for distributed automotive
systems [HRR12, KRRW17], autonomous driving [BR12b, KKR19], and digital twin develop-
ment [BDH+20] to processes and tools to improve the development as well as the product itself
[BBRO7].

In the aviation domain, a modeling language for uncertainty and safety events was developed,
which is of interest to European avionics [ZPK+11]. Optimized [KRS+18a] and domain specific
code generation [AHRW17b], and the extension to product lines of CPS [RSW+15, KRR+16,
RRS+16] are key for CPS.

A component and connector architecture description language (ADL) suitable for the specific
challenges in robotics is discussed in [RRW13c, RRW14a, Worl6, RRSW17, Wor21]. In [RRW12],
we use this language for describing requirements and in [RRW13], we describe a code generation
framework for this language. Monitoring for smart and energy efficient buildings is developed as
an Energy Navigator toolset [KPR12, FPPR12, KLPR12].
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Model-Driven Systems Engineering (MDSysE)

Applying models during Systems Engineering activities is based on the long tradition of contribut-
ing to systems engineering in automotive [FND+98] and [GHK+08a], which culminated in a new
comprehensive model-driven development process for automotive software [KMS+18, DGH+19).
We leveraged SysML to enable the integrated flow from requirements to implementation to in-
tegration.

To facilitate the modeling of products, resources, and processes in the context of Industry
4.0, we also conceived a multi-level framework for production engineering based on these con-
cepts [BKL+18] and addressed to bridge the gap between functions and the physical product
architecture by modeling mechanical functional architectures in SysML [DRW+20]. For that
purpose, we also did a detailed examination of the upcoming SysML 2.0 standard [JPR+22]
and examined how to extend the SPES/CrEST methodology for a systems engineering approach
[BBR20].

Research within the excellence cluster Internet of Production considers fast decision making
at production time with low latencies using contextual data traces of production systems, also
known as Digital Shadows (DS) [SHH+20]. We have investigated how to derive Digital Twins
(DTs) for injection molding [BDH+20], how to generate interfaces between a cyber-physical
system and its DT [KMR+20], and have proposed model-driven architectures for DT cockpit
engineering [DMR+20].

State Based Modeling (Automata)

Today, many computer science theories are based on statemachines in various forms including
Petri nets or temporal logics. Software engineering is particularly interested in using statema-
chines for modeling systems. Our contributions to state based modeling can currently be split
into three parts: (1) understanding how to model object-oriented and distributed software using
statemachines resp. Statecharts [GKR96, GKR+96, BCR07b, BCGR09a, BCGR09], (2) under-
standing the refinement [PR94, RK96, Rum96, RW18] and composition [GR95, GKR96, RW18]
of statemachines, and (3) applying statemachines for modeling systems.

In [Rum96, RW18] constructive transformation rules for refining automata behavior are given
and proven correct. This theory is applied to features in [KPR97]. Statemachines are embedded
in the composition and behavioral specification concepts of Focus [GKR96, BRO7].

We apply these techniques, e.g., in MontiArcAutomaton [RRW13, RRW14a, RRW13, RW1§],
in a robot task modeling language [THR+13], and in building management systems [FLP+11b].

Model-Based Assistance and Information Services (MBAIS)

Assistive systems are a special type of information system: they (1) provide situational support
for human behavior (2) based on information from previously stored and real-time monitored
structural context and behavior data (3) at the time the person needs or asks for it [HMR+19].
To create them, we follow a model centered architecture approach [MMR+17] which defines
systems as a compound of various connected models. Used languages for their definition include
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DSLs for behavior and structure such as the human cognitive modeling language [MM13], goal
modeling languages [MRV20, MRZ21] or UML/P based languages [MNRV19]. [MM15] describes
a process of how languages for assistive systems can be created. MontiGem [AMN+20a] is used
as the underlying generator technology.

We have designed a system included in a sensor floor able to monitor elderlies and analyze
impact patterns for emergency events [LMK+11]. We have investigated the modeling of human
contexts for the active assisted living and smart home domain [MS17] and user-centered privacy-
driven systems in the IoT domain in combination with process mining systems [MKM+19],
differential privacy on event logs of handling and treatment of patients at a hospital [MKB+19],
the mark-up of online manuals for devices [SM18a] and websites [SM20], and solutions for privacy-
aware environments for cloud services [ELR+17] and in IoT manufacturing [MNRV19]. The user-
centered view of the system design allows to track who does what, when, why, where, and how
with personal data, makes information about it available via information services and provides
support using assistive services.

Modeling Robotics Architectures and Tasks

Robotics can be considered a special field within Cyber-Physical Systems which is defined by an
inherent heterogeneity of involved domains, relevant platforms, and challenges. The engineer-
ing of robotics applications requires the composition and the interaction of diverse distributed
software modules. This usually leads to complex monolithic software solutions hardly reusable,
maintainable, and comprehensible, which hampers the broad propagation of robotics applica-
tions.

The MontiArcAutomaton language [RRW12, RRW14a] extends the ADL MontiArc and inte-
grates various implemented behavior modeling languages using MontiCore [RRW13c, RRRW15b,
HKR21] that perfectly fit robotic architectural modeling.

The iserveU modeling framework describes domains, actors, goals, and tasks of service robotics
applications [ABH+16, ABH+17] with declarative models. Goals and tasks are translated into
models of the planning domain definition language (PDDL) and then solved [ABK+17]. Thus,
domain experts focus on describing the domain and its properties only.

The LightRocks [THR+13, BRS+15] framework allows robotics experts and laymen to model
robotic assembly tasks. In [AHRW17, AHRW17b], we define a modular architecture model-
ing method for translating architecture models into modules compatible with different robotics
middleware platforms.

Many of the concepts in robotics were derived from automotive software [BBR0O7, BR12b].

Automotive, Autonomic Driving & Intelligent Driver Assistance

Introducing and connecting sophisticated driver assistance, infotainment, and communication
systems as well as advanced active and passive safety-systems result in complex embedded sys-
tems. As these feature-driven subsystems may be arbitrarily combined by the customer, a huge
amount of distinct variants needs to be managed, developed, and tested. A consistent requirement
management connecting requirements with features in all development phases for the automotive
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domain is described in [GRJA12].

The conceptual gap between requirements and the logical architecture of a car is closed in
[GHK+07, GHK+08]. A methodical embedding of the resulting function nets and their quality
assurance using automated testing is given in the SMaRDT method [DGH+19, KMS+18].

[HKM+13] describes a tool for delta modeling for Simulink [HKM+13]. [HRRW12] discusses
the means to extract a well-defined Software Product Line from a set of copy and paste variants.

Potential variants of components in product lines can be identified using similarity analysis
of interfaces [KRR+16], or execute tests to identify similar behavior [RRS+16]. [RSW+15]
describes an approach to using model checking techniques to identify behavioral differences of
Simulink models. In [KKR19], we model dynamic reconfiguration of architectures applied to
cooperating vehicles.

Quality assurance, especially of safety-related functions, is a highly important task. In the
Carolo project [BR12b, BR12], we developed a rigorous test infrastructure for intelligent, sensor-
based functions through fully-automatic simulation [BBR07]. This technique allows a dramatic
speedup in the development and the evolution of autonomous car functionality, and thus enables
us to develop software in an agile way [BR12b].

[MMR10] gives an overview of the state-of-the-art in development and evolution on a more
general level by considering any kind of critical system that relies on architectural descriptions.

MontiSim simulates autonomous and cooperative driving behavior [GKR+17] for testing vari-
ous forms of errors as well as spatial distance [FIK+18, KKRZ19]. As tooling infrastructure, the
SSELab storage, versioning, and management services [HKR12] are essential for many projects.

Internet of Things, Industry 4.0 & the MontiThings Tool

The Internet of Things (IoT) requires the development of increasingly complex distributed
systems. The MontiThings ecosystem [KRS+22] provides an end-to-end solution to model-
ing, deploying [KKR+22], and analyzing [KMR21] failure-tolerant [KRS+22] IoT systems and
connecting them to synthesized digital twins [KMR420]. We have investigated how model-
driven methods can support the development of privacy-aware [ELR+17, HHK+14] cloud sys-
tems [PR13], distributed systems security [HHR4-15], privacy-aware process mining [MKM+19],
and distributed robotics applications [RRRW15b].

In the course of Industry 4.0, we have also turned our attention to mechanical or electrical ap-
plications [DRW+20]. We identified the digital representation, integration, and (re-)configuration
of automation systems as primary Industry 4.0 concerns [WCB17]. Using a multi-level modeling
framework, we support machine as a service approaches [BKL+18].

Smart Energy Management

In the past years, it became more and more evident that saving energy and reducing CO5 emis-
sions are important challenges. Thus, energy management in buildings as well as in neighbor-
hoods becomes equally important to efficiently use the generated energy. Within several research
projects, we developed methodologies and solutions for integrating heterogeneous systems at dif-
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ferent scales.

During the design phase, the Energy Navigators Active Functional Specification (AFS)
[FPPR12, KPR12] is used for the technical specification of building services already.

We adapted the well-known concept of statemachines to be able to describe different states
of a facility and validate it against the monitored values [FLP+11b]. We show how our data
model, the constraint rules, and the evaluation approach to compare sensor data can be applied
[KLPR12].

Cloud Computing and Services

The paradigm of Cloud Computing is arising out of a convergence of existing technologies for
web-based application and service architectures with high complexity, criticality, and new ap-
plication domains. It promises to enable new business models, facilitate web-based innovations,
and increase the efficiency and cost-effectiveness of web development [KRR14].

Application classes like Cyber-Physical Systems and their privacy [HHK+14, HHK+15a], Big
Data, Apps, and Service Ecosystems bring attention to aspects like responsiveness, privacy, and
open platforms. Regardless of the application domain, developers of such systems need robust
methods and efficient, easy-to-use languages and tools [KRS12].

We tackle these challenges by perusing a model-based, generative approach [PR13]. At the
core of this approach are different modeling languages that describe different aspects of a cloud-
based system in a concise and technology-agnostic way. Software architecture and infrastructure
models describe the system and its physical distribution on a large scale.

We apply cloud technology for the services we develop, e.g., the SSELab [HKR12] and the
Energy Navigator [FPPR12, KPR12] but also for our tool demonstrators and our development
platforms. New services, e.g., for collecting data from temperature sensors, cars, etc. are now
easily developed and deployed, e.g., in production or Internet-of-Things environments.

Security aspects and architectures of cloud services for the digital me in a privacy-aware envi-
ronment are addressed in [ELR+17].

Model-Driven Engineering of Information Systems & the MontiGem Tool

Information Systems provide information to different user groups as the main system goal. Using
our experiences in the model-based generation of code with MontiCore [KRV10, HKR21], we
developed several generators for such data-centric information systems.

MontiGem [AMN+20a] is a specific generator framework for data-centric business applica-
tions that uses standard models from UML/P optionally extended by GUI description models
as sources [GMN+20]. While the standard semantics of these modeling languages remains un-
touched, the generator produces a lot of additional functionality around these models. The
generator is designed flexible, modular, and incremental, handwritten and generated code pieces
are well integrated [GHK+15a, NRR15al, tagging of existing models is possible [GLRR15], e.g.,
for the definition of roles and rights or for testing [DGH+-18].

We are using MontiGem for financial management [GHK+20, ANV+18], for creating digital
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twin cockpits [DMR~+20], and various industrial projects. MontiGem makes it easier to create
low-code development platforms for digital twins [DHM+22]. When using additional DSLs, we
can develop assistive systems providing user support based on goal models [MRV20], privacy-
preserving information systems using privacy models and purpose trees [MNRV19], and process-
aware digital twin cockpits using BPMN models [BMR+22].

We have also developed an architecture of cloud services for the digital me in a privacy-aware
environment [ELR417] and a method for retrofitting generative aspects into existing applications
[DGM+21].
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