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Abstract

New systems are becoming ever more complex and interconnected. To develop
these systems the expertise and collaboration of many stakeholders, including
domain experts and systems engineers, is required. Usually these domain ex-
perts are not familiar with systems engineering, which is especially true with
the adoption of the model-based systems engineering.

In order to identify systems engineering issues and importance of requested
features this thesis presents data gathered from two surveys which have been
conducted. The first survey had participants who were students of the RPTU
Kaiserslautern with no prior systems engineering experience. This survey was
used to review SysML, SysML v2 and SysMD on their entry bar and as how
intuitive these modelling languages are experienced. The key insights of this
survey were the need for simplification of modelling syntax and the clear pref-
erence for graphical model representations for visualisation and understanding
a model and the preference towards a textual representation in order to cre-
ate and extend a model. The second survey was shared with members of the
Object Management Group and the International Council on Systems Engi-
neering. The goal of this survey was to identify key issues of systems engi-
neering. The study had participants from different levels of system engineering
experience, making it possible to identify indicative trends on different needs
depending on the experience. As expected the professional level participants
perceive systems engineering as easier to get into than beginners. This survey
supports the results from other studies while focusing on an individual level
and participants from a variety of systems engineering expertise. In addition,
the survey indicates a need for simplification of syntax of modelling languages
and tools for model verification and validation.

To reduce the entry bar of systems engineering and enhance collaboration the
notion of inclusive systems engineering is introduced as a means to make sys-
tems engineering more accessible. This extends systems engineering towards
being more accessible for domain experts by focusing on a user-centric design
and proposes the adoption of features aimed at user guidance, providing tool
accessibility and features focused on enhancing the accessibility of the sys-
tems engineering process. The notion of user guidance as a means to enhance
systems engineering is discussed in more detail, giving an introduction into
human decision making and reviewing common user influencing techniques.
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Chapter

Introduction

1.1. Motivation

New systems get ever more complex which requires ever more domain expert
participation in systems engineering and poses higher risks of misunderstand-
ing intricacies of a system parts. This requires domain knowledge of a mul-
titude of domains from systems engineers. While AI techniques are explored
which can mitigate the need for domain knowledge by acting as a domain ex-
pert [36] it is problematic to rely on AT exclusively.

A more entwined systems engineering process is the current approach, however
this is very time and cost intensive. Additionally, communication is a process
in which information inevitably gets lost, leading to incomplete or incorrect
features being developed.

A different approach is to train domain experts in systems engineering. How-
ever, systems engineering requires knowledge of both syntax and semantic
unique to systems engineering. Many of these particularities are based in com-
puter science, a discipline comparatively young and thus not widely known by
domain experts of other domains. Training domain experts in systems engi-
neering is therefore time and cost intensive as well.

This poses a risk of newer systems engineering methodologies, like model-based
systems engineering, only being adapted slowly making new systems take more
time and money to create. The adoption of such a new methodology has to
overcome challenges such as aversion towards up-front investment and the ex-
pected effort required compared to the anticipated benefits. Additionally, such
a methodology has to be adopted by domain experts as well, which can be
difficult depending on the tools and languages specific to their domain they
have used before. Most studies on this are on an organisational level, giving
important insights into the organisational adoption but lacking insight on the
issues and features important to individuals with different level of systems
engineering expertise. These studies focus on the adoption of model-based
systems engineering from professional systems engineers, lacking insight on ef-
fects hindering adoption for beginners of systems engineering or students with
no prior experience in systems engineering.
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To gather insights into issues and features important to systems engineers
of different level a survey approach can be used. Surveys provide a means
to gather insights in a structured and asynchronous way, reducing the need
to spend resources on interviews, creating focus groups or observe systems
engineers in their work environment. The risk of sampling bias and under rep-
resentation of certain domains needs to be considered when evaluating such a
survey approach.

The insights collected from surveys provide tentative evidence of needs and is-
sues to provide an extension to the systems engineering process which focuses
on integrating domain experts and providing a lower entry barrier. These in-
sights are complemented with insights into human decision making processes
and user guidance techniques to guide new users towards adapting systems
engineering as well as guiding experienced users towards adopting new ap-
proaches such as model-based systems engineering and provide more compre-
hensive but easy to understand solutions to reduce miscommunication.

1.2. Contribution

My work introduces inclusive systems engineering as a framework to make sys-
tems engineering more approachable. This framework focuses on user guidance
and the reduction of complexity of syntax. Implementing this framework re-
duces overhead for domain experts to learn the model-based systems engineer-
ing approach, leaving more time to focus on semantics to provide semantically
comprehensive and consistent models.

Inclusive systems engineering is based on leveraging theoretical knowledge hu-
man decision making, lessons learned from software development and data
collected from two surveys aimed at recognising current systems engineering
challenges and requested features.

The key contributions of this work are:

e A discussion on user guidance as a means to make systems engineering
more accessible with a focus on why the methods work by giving a brief
introduction into human decision making.

e A survey with students from the RPTU Kaiserslautern-Landau review-
ing the intuitive use of SysML, SysML v2 and SysMD and the preference
of textual versus graphical representations of models.

e A survey with members from OMG and INCOSE focused on issues
present in systems engineering and model-based systems engineering.
This survey gives insight on a personal level of systems engineers with
professional experience, as well as intermediate, beginner and no expe-
rience in systems engineering.

e The proposal of inclusive systems engineering, aimed to make systems
engineering more accessible for stakeholders, and domain-experts, in par-
ticular with little to none prior systems engineering experience. This
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theoretical proposal includes a definition and description of features to
support inclusive systems engineering. These features are structured as
features specific to user guidance, which includes nudging, and recom-
mender systems among others, features specific to process accessibility,
such as support for graphical and textual representations of models, and
features focused on tool accessibility, such as providing a version control
system or facilitating notebook programming. This framework provides
an overview of techniques, features and attributes to keep in mind when
designing and implementing new systems engineering tools or reviewing
current tools for future improvement.

1.3. Thesis Structure

Chapter [2| discusses the current problems faced in systems engineering and
introduces document-based systems engineering, electronic document man-
agement system and model-based systems engineering followed by a brief dis-
cussion of surveys on systems engineering and the adoption of model-based
systems engineering. An overview of systems engineering languages, such as
UML, SysML and OPM is given with a greater focus on KerML, SysML v2
and SysMD. To complement this technical state of the art, chapter [3|an intro-
duction into human decision making theory and common ways to influence and
guide user behaviour. Chapter [ reviews the data gathered in a preliminary
survey with students from the RPTU Kaiserslautern-Landau and is followed
by another survey with participants from OMG and INCOSE. The insights
gathered from this chapter provide a basis for inclusive systems engineering
which is discussed in chapter This chapter introduces inclusive systems
engineering by giving a formal definition and providing criteria to evaluate
a given tool or language. Inclusive systems engineering is based upon three
pillars to provide more accessibility into the process, which is user guidance,
process accessibility and tool accessibility. For each a number of features are
given that enhance accessibility. Chapter [6] gives the conclusion of my thesis
and discusses future research opportunities.
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2.1. Problem Definition

Systems are becoming ever more complex, connecting multiple domains and
having to respond to new trends and requirements ever faster. New systems
rely on domain experts to provide comprehensive requirements and their ex-
pertise to be successful. However, communication between systems engineers,
stakeholders and domain experts is a bottleneck in many projects, leading
to increased resource costs . This issue is getting more severe the more
stakeholders are involved. This is further amplified by systems engineers being
required to have some domain expertise to be able to translate the domain
expert input into suitable systems engineering requirements to fulfill these re-
quirements.
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The current move towards model-based systems engineering to realize com-
plex systems aims to solve issues of complex systems such as scalability issues
to manage extremely large systems and to provide a common basis for re-
quirements, design and analysis to improve traceability and communication.
However, adoption of model-based systems engineering requires redefining of
traditional workflows and introduces it’s own issues by introducing issues such
as complex syntax, when SysML v2 textual representations are used, and com-
plex semantics following programming conventions not necessarily well known
for beginners and domain experts.

To address this, my work introduces inclusive systems engineering, an exten-
sion to traditional systems engineering and model-based systems engineering,
which focuses on making the approach more accessible to non-experts by pro-
viding features to be followed in three main aspects.

1) By enhancing accessibility of the process by means of providing simplified
syntax to lower the entry barrier, supporting incomplete models and related
aspects.

2) By providing features for tools, ensuring standard compatibility or provid-
ing means for automatic code generation.

3) Putting a focus on user guidance to increase motivation and reduce work-
load by utilising concepts such as nudging or providing means to abstract
unnecessary information.

This aims to provide domain experts with the ability to create comprehensive
requirements and rudimentary system definitions themselves and to commu-
nicate solutions created in a domain specific language or tool easier. These
requirements, definitions and part solutions can be used by systems engineers
to create complex systems with a reduced risk of misinterpretation.

2.2. Systems Engineering

INCOSE defines systems engineering [67] as “/...] a transdisciplinary and
integrative approach to enable the successful realization, use, and retirement
of engineered systems, using systems principles and concepts, and scientific,
technological and management methods.” Systems engineering has changed a
lot in the last twenty years. Dealing with ever more complex systems, the need
to change functionality during and after development, new policies or needs.
This development results in new challenges for software and especially systems
engineering. Communication between stakeholders is often a bottleneck in
these instances [85]. This is especially true for more task specific, often highly
complex, systems, tailored towards specific domains with unique requirements.

2.2.1. Document-Based Systems Engineering

Document-based systems engineering (DBSE) is the traditional method of
systems engineering which focuses heavily on textual documentation to cap-
ture, communicate and managing system requirements, designs, and processes.
DBSE typically follows a linear or waterfall model in which each step is com-
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pleted before moving on to the next development phase. The waterfall model
has been updated and replaced by the Vee-Model as shown in figure

\ /

User Perspective

h 4

User Requirements

Operation & maintenance

Designer perspective

Preliminary design £ > System testing
Developer
Perspective
Detailed design B > Subsystem testing
Development

Figure 2.1.: The “vee” developmental model according to Blanchard |20).

The main source of truth is a collection of documentation consisting of
requirements specification, design documents and verification and validation
plans, among others. These documents are maintained throughout the systems
engineering process and function as communication assets [20]. However, the
increasing complexity of modern systems pose multiple challenges for DBSE,
mainly requiring a high amount of flexibility to adapt to new challenges. The
inherent linear process limits this flexibility which leads to increased costs and
project delays when modifications are necessary. In addition, the early de-
velopment phases often lack formal methods for verification and validation to
ensure the specifications meet the requirements before implementation, which
can lead to significant issues, especially considering the high complexity of
today’s systems. Furthermore, a collection of documents, which are usually
interdependent, as source of truth can be cumbersome to manage and require
high maintenance to keep up to date, which hinders collaboration, especially
in concurrent engineering environments [4]. The document-centric approach
often makes use of fragmented documentation, providing very limited trace-
ability for design decisions.
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2.2.2. Electronic Document Management System

Electronic document management system (EDMS) modernizes DBSE by dig-
itizing the document workflows to improve accessibility and standardize the
process [99]. It is still document-centric, using documents as the source of
truth but addresses some of the limitations of traditional DBSE. Digitization
reduces the physical storage needs an removes manual retrieval cost. The
real-time information sharing capabilities of EDMS facilitate enhanced col-
laboration across teams and stakeholders [1]. By using indexing and version
control systems a partial automation can be achieved. EDMS adepts DBSE,
still being fundamentally document-centric, by taking advantage of the ca-
pabilities of digital documents. However, being document-centric with frag-
mented documentation it only provides limited traceability. EDMS can pose
high costs and encounter stakeholder resistance while leaving gaps in address-
ing system-level complexity, providing mostly advantages to domains relying
on structured documents such as construction projects [19] and the public
sector [1].

2.2.3. Model-Based Systems Engineering

Model-based systems engineering (MBSE) replaces documents with intercon-
nected models to enable a dynamic, data-driven representation of systems.
According to INCOSE MBSE is the formalized application of modeling to
support systems requirements, design, analysis, verification and validation ac-
tivities beginning in the conceptual design phase and continuing throughout
development and later life cycle phases [67].

MBSE also intends to reduce wasted time and money by implementing wrong
or useless features [85]. The document-based approach is hard to manage
with increasing complexity of systems. MBSE moves away from this towards
an iterative approach with models as the key sources of truth which are more
scalable and manageable for larger, more complex systems. The model-based
approach should create clear, connected models which can be shared among
shareholders, achieving better communication and reducing the risk of useless
features due to miscommunication. These models needs to be updated in case
of major changes, but is intended to be checked against throughout the whole
engineering process.

However, large-scale models are hard to create perfectly, needing to be revised
and updated continuously, which is time-consuming and can have large reper-
cussions [26] [24]. In addition, policy changes or technological advances can
affect the validity of a model throughout the development.

Furthermore, MBSE is still a rather new approach, lacking a wide-spread
standardized methodology. Currently the OMG works to resolve this issue
by developing the Kernal Modeling Language (KerML) [59] to provide a very
fundamental, easily extendable language definition. Additionally, a more so-
phisticated language, introducing many important extensions, called Systems
Modeling Language version 2 (SysML v2) [119] is developed simultaneously.
Estefan discusses the mathematical foundations described by Wymore [133],
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as the foundations of MBSE are supposed to be grounded in the foundation
of mathematics [68], and gives a comprehensive discussion of MBSE method-
ologies [49].

2.2.4. Domain Expert Integration

Domain experts play an important role in systems engineering, ensuring that
technical solutions fulfill real-world requirements and constraints. In early
development domain experts provide essential input by providing constraints
and formulating requirements the future system needs to align with. These can
be operational needs and industry-specific standards. During system design
and modelling domain experts collaborate with systems engineers to validate
models. Their domain expertise ensures that necessary abstractions don’t
misalign with domain-specific behaviours and interactions. Domain experts
are integral to validate and verify developed models and prototypes as well as
making sure training datasets are curated in case of Al training. With systems
engineering being a continuous process, iterating upon systems by providing
new features and responding to new requirements the need to integrate domain
experts is continuous as well.

2.2.5. MBSE adoption

The adoption of MBSE in industry has been subject of studies in recent years.
Kuhn, Murphy and Thompson [80] provided early evidence on the challenges
and benefits of MBSE adoption. Their introduction of forces as indicators
of innate complexity and friction as accidental complexity. Identified forces,
such as a team working on different versions of an artifact, have one or more
associated frictions, such as tools offering version control being limited in their
abilities or not providing the version comparison in the desired way. The need
for traceability in incremental releases is a force with the corresponding fric-
tion of inefficient and fragile workarounds to create traceability by naming
conventions.

Aranda, Damian and Borici [10] presented findings from a case study of organ-
isation consequences after a model-driven engineering approach was adopted.
They highlight the benefit of bringing the development closer to the the sub-
ject matter and the domain experts, however they also point out the issue of
models not being adopted by all groups, especially by domain experts who are
unlikely to have software development training. They also highlight issues in
adoption by cultural hindrance and by an aversion to adopting a new work
methodology as it can disrupt team-work and requires additional training.
Vogelsang et. al. [128] further supported these findings by identifying hinder-
ing forces, such as different types of inertia and anxiety. The types of inertia
include tooling inertia, not adopting new MBSE tools over the already exist-
ing in-house tooling environment, and context inertia, not believing the new
methodology fits the current situation. The types of anxiety include issues
such as not seeing the benefit of adopting the new methodology considering
the resources spent for adoption and the fear of lacking necessary skills. How-
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ever, they also identified external forces fostering adoption such as the growing
complexity of systems and enforcement by stakeholders who request the use of
an MBSE approach. Another set of internal fostering forces have been iden-
tified as pull forces, such the value provided by early feedback on correctness
or easier handling of increased complexity.

Siddique [113] provides a literature review on the benefits of adopting MBSE
over the traditional DBSE approach with the focus on small satellite systems.
This highlights key MBSE advantages such as adaptability to evolving re-
quirements and enhanced collaboration for domains such as satellite systems,
which are very complex and need to adapt to changing environments. This
further supports the findings from the analysis of MBSE integration within
the aerospace industry by Pratt and Dabkowski [103]. They identify enablers
and challengers for MBSE adoption in this domain. They have identified
key issues such as performance expectancy, effort expectancy, social influence
and facilitating conditions and rate these as challengers or enablers according
to a literature review. The greatest challenge identified there was the effort
expectancy, showing the aversion towards the up-front investment to adopt
MBSE, while facilitating conditions, such as a reported lack of guidelines and
best practises is also functioning more as a challenger than an enabler for
MBSE adoption. The greatest enabler was the performance expectancy, high-
lighting the advantages of being able to experiment in small scales and the
overall performance increase due to MBSE benefits such as increased stake-
holder collaboration.

Temper et al. [122] provide a literature review considering the MBSE percep-
tion across sectors from commercial, contractor and governmental as well as
systems such as astronautical, aeronautical and infrastructure. Overall, they
report a positive perception of MBSE across systems while highlighting more
variance in perception by sectors. Especially contractor and commercial sec-
tors perceived MBSE more negatively and a reluctance to implement MBSE.
This supports the findings from Vogelsang et. al., highlighting an aversion to
change the curren processes when perceived as ”working” and being averse to-
wards an up-front resource investment due to short-term goals. The study by
Henderson et. al. [64] discusses how organizational factors affect MBSE adop-
tion by comparing data on organizational structure with adoption metrics.
They report the strongest correlations to be flexibility and interconnected-
ness, showing that organisations that are flexibility and interconnectedness
had strong positive correlation with MBSE adoption, with more flexible and
organisations with highly connected members were open to adopt MBSE eas-
ier. Size and centralisation had a negative correlation, showing large and
highly centralized organisations were less open to adopt MBSE while size and
centralization had a negative correlation.

10
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2.3. Systems Engineering Languages

2.3.1. UML

The unified modeling language is the widely spread de facto standard for spec-
ifying, constructing and documenting software systems [108]. This language
has been refined by the Object Management Group (OMG) and currently ex-
ists in UML version 2 which will be referred to as UML for short as version 1
is not relevant to this thesis.

UML makes use of multiple different diagram types, each emphasising only cer-
tain aspects of a system which all together provide a full and complete descrip-
tion of a modelled system. The following list is based on the UML 2 Toolkit
by Eriksson [48] and only provides a short introduction into each diagram type

o Use-Case Diagram: Shows external actors and their connection to the
use case, which is the functionality a system provides.

e (Class Diagram: Shows the static structure of classes in the system.
Classes are related by association, dependence, one class being a spe-
cialization of another class, or being grouped together as a package.

e QObject Diagram: Object diagrams show the object instances of classes
and provides a possible snapshot of a system’s education.

o State Machine: Class diagrams can be complemented by state machines,
showing all possible states that the objects of a class can have and what
events result in state changes. The subtype of a behavioral state machine
describes all details of a class’s life cycle whereas the protocol state
machine only focuses on the transition of states and the rules defining
execution order.

o Activity Diagram: Provides a visualisation of a sequential flow of actions.
Typically describes the activities in a general process workflow.

e [Interaction Diagrams: UML provides three diagram types which show
interaction. In addition, UML provides a timing diagram to model real-
time systems.

e Sequence Diagram: Illustrates collaboration between objects. It shows
a sequence of messages and models dynamic interaction.

o Communication Diagram: Shows dynamic collaboration similar to the
sequence diagram. In addition it shows the objects and relationships,
modelling both interaction and the context in which it takes place.

e Interaction Overview Diagram: Shows the main flow of interactions at a
high-level to provide an easy method for reviewing the interactions from
a high-level point of view.

e Component Diagram: Components can be source code, binaries or ex-
ecutable. Components contain information about the logical classes it
implements and provides a mapping from logical to component view.
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Figure 2.2.: OMG SysML Diagram Taxonomy [63].

o Deployment Diagram: Shows the physical architecture of hardware and
software in a system and describes the actual physical architecture of
the system after deployment.

o Composite Structure Diagram: Shows the participating elements and
their relationships in the context of specific classifiers such as use case,
object, collaboration, class or activity. The composite structure diagram
can model specific collaboration of elements during runtime which can
be different from information modelled in other static diagrams.

2.3.2. SysML

SysML uses a subset of UML and extends it with additional diagrams, reducing
the features aimed at software development and shifting the focus towards
systems modelling. This is achieved by adding diagrams to model requirements
and set constraints on a system, as well as extending existing diagrams to be
more suited for modelling purposes and systems engineering applications [63].
Figure[2.2)shows the different diagram types of SysML. The sequence diagram,
state machine diagram, use case diagram and package diagrams are directly the
same as in UML. The activity diagram, block definition diagram and internal
block diagram are similar to UML but modified. Both the parametric diagram
and requirement diagram are new to SysML. The following description is based
on Hause and the work from Friedenthal, Moore and Steiner [55] provides a
comprehensive introduction into SysML.

o Activity Diagram: The activity diagram is modified to introduce proba-
bilities for the likelihood that a value will be output, leave the decision
node or an object will traverse an edge. Furthermore, allocations are
introduced to enable the allocation of one model element by another.
These allocations can be used as precursors to more detailed specifica-
tions by providing a means for abstraction.

12
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e Requirement Diagram: Shows a requirement in the form of a “shall”
statement and is related to other modelling artefacts via a set of depen-
dencies that allow for refinement, verification and other dependencies.

e Block Definition Diagram: Is similar to the class diagrams in UML which
is used to describe relationships between blocks, such as one block being
composed of other blocks.

e Internal Block Diagram: Is used to describe the internals of a block and
provides a detailed view, whereas the block definition diagrams provide
a more high-level relationship focused view.

e Parametric Diagram: Are used to describe constraints on properties in
order to support engineering analysis and is a specialised variant of an
internal block diagram. It restricts diagram elements which enables the
representation of constaints.

2.3.3. OPM

Object-Process Methodology (OPM) is a holistic approach to systems mod-
eling that integrates both the structure and behavior of systems in a unified
framework proposed by Dori [46]. OPMs key difference to UML and SysML
is the object-process diagram which depicts both the static structure and dy-
namic behaviour of a system in one single diagram. In addition, OPM utilizes
natural language-like syntax to make it easier to understand for non-modelling
experts.

2.3.4. KerML

KerML is a foundational metamodel proposed to the object management group
(OMG). The stated purpose of KerML is to serve as a basis for newly developed
modelling languages, including SysML v2 in particular. KerML distinguishes
between two fundamental classes: Element and Relationship. In KerML ev-
erything is built upon these classes, specializing and extending them. At its
core every class in KerML is an Element, which provides means for identifi-
cation and ownership. Similarly, every structural relationship between these
elements is a specialisation of the relationship class, which provides means to
connect two or more elements.

KerML provides a number of predefined specializations of elements, which are,
among others:

e Package - defines a namespace but offers no functionality on its own.
e Class - owns a relationship, and specializes a general class.
e Feature - describes properties or constraints.

Additionally, KerML provides extensions to its relationship class to provide
means to:
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e Model ownership hierarchy, making it possible to remove an element and
all it’s owned elements

e class specialization to model inheritance of features

e binding values and expressions, enabling computation by binding a value
to the sum of others for example.

The full specifications of KerML are publicly available and, while highly
unlikely to change, not final at time of writing as it is not yet officially stan-
dardized [119].

2.3.5. SysML v2

SysML v2 is the first extension to KerML and developed and proposed along-
side KerML. It extends KerML to provide a general-purpose modelling lan-
guage designed to facilitate the MBSE approach and reiterate upon SysML
with the lessons learned. SysML v2 provides means to represent requirements,
structure and the behaviour of a system. In addition it provides means to
model specification and verification cases. The goal of SysML v2 is the sup-
port of a multitude of systems engineering methods and practices. While it
is a comprehensive, domain-independent language, the OMG expects it to be
extended to include more domain and purpose specific extensions, all compat-
ible with each other by using SysML v2 or KerML as the common basis.
Being a comprehensive extension to KerML it provides a multitude of impor-
tant modeling constructs:

1. Dependencies provide means to model dependencies between elements.

2. Variability allows for modeling of different variants. A system can be
configured by choosing specific variants and provide a means to check
for consistency if all choices satisfy the corresponding constraints.

3. Structure includes representation for different parts, how they are de-
composed, interconnected and classified.

4. Constraints specify conditions which are expected or required to satisfy
and are further specialised by Requirements.

5. Behaviour specifies the interaction of parts.

6. Cuases define steps required to produce a desired result and are especially
used in the context of analysis, verification and use cases.

7. Attributes which are data type definitions.
8. Parts to be able to model decomposition.

9. Requirements which bind a constraint to a feature.
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Additionally, SysML v2v2 provides specializations of the KerML libraries, as
well as further libraries which are discussed by Bajaj, Friedenthal and Seide-
witz [13].

Furthermore, SysML v2 provides a multitude of additional classes for features
like use case modelling or modelling dynamic behaviours. The full specifica-
tions are available publicly in [119].

2.3.6. SysMD

SysMD consists of a modelling language, as well as a tool, called SysMD Note-
book. SysMD has been initially designed to be an modelling tool and language
providing a low entry barrier to MBSE with domain experts with little to
no systems engineering experience [41]. SysMD was designed to extend the
SysML v2 standard and be fully inter-operable with KerML. SysMDs main
features include::

e A syntax inspired by natural language, following ideas from literate pro-
gramming.

e The ability to define and check constraints and consistency.
e Being inter-operable with SysML v2.

e Support incomplete models in a textual representation.

The easy to read and write syntax from SysMD follows rules from natural
language and is designed to provide a gentle learning curve. The structure of
a SysMD statement follows the form:

Subject predicate Object "."
with the possibility to specify objects further.

Subject predicate
Object [":" constraint] = instances

Subjects are elements of arbitrary type, objects can be either elements or a
list of statements which are separated with ”,”. An objects defined as such
a list can be considered as a sub-clause. Each object is preceded by an de-
scriptor, which can define it as an attribute or part for example [40]. This is
an update to earlier SysMD versions and a concession to the interoperability
with SysML v2 [41].

The goal is to provide a syntax readable without prior experience with SysMD
or even programming or modelling. This provides a natural language descrip-
tion of a system and can function as documentation and guidance to define
a fully formalized model. Without the need for block definitions or follow-
ing common programming conventions this provides a low entry barrier into
MBSE.

The independence of a block structure results in definitions to be made inde-
pendent of the sequence of statements. This is an important feature, making
it possible to integrate SysMD easily into a notebook programming style ap-
proach and facilitating iterative design and updates of a model at all stages of
the development process.
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Chapter

Behaviour Influence

One key aspect of inclusive systems engineering (see Chapter [5) is the inclusion
of user guidance. In order to provide an A number of influencing techniques
have been proposed and implemented both in analog and digital environments.
In order to efficiently guide users and avoid adverse effects it is important to
review the current theory on human decision making, biases influencing these
decisions and techniques making use of those biases to guide users towards
desired behavior.

3.1. Human Decision Making

We make decisions all the time, with only a small number of them deliberately
thought about. The vast majority of decisions we do automatically, falling
back on a plethora of heuristics we have learned. A decision is understood as
a cognitive process during which the decision maker has at least two alternative
courses of action available to take [9]. Making a decision consists of several
phases [60] [42].

1. Collecting data and information
2. Filtering information to classify as relevant or irrelevant

3. Analyzing and processing the information filtered for decision making.
Newly acquired information and information of different sources can be
merged and linked.

4. Formulating various decision alternatives, identifying different courses of
action.

5. Weighing the various alternatives by comparing them
6. Choosing the (subjectively) best course of action

The idea of the so-called ergonomic man from the 1950s supposed a decision
maker who is completely informed, infinitely sensitive and rational [47]. How-
ever, this idea has been refined throughout the years, accepting that human
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decision making is often flawed and prone to biased decisions, being recognized
as a distinct field of study which began to be recognized as such in the 1970s
and 1980s. The work from Kahneman and Tversky [74] from 1979 showed
how emotions lead to an irrational decision-making process. In 1992 they
expanded their prospect theory towards cumulative prospect theory [124] to
consider additional traits such as overconfidence and limited attention.

3.1.1. Dual-Process Theory

The dual-process theory on behaviour was presented by Kahneman and distin-
guishes between a fast and automatic system, called “System 1” and a slow,
reflective system called “System 2” [72]. “System 1”7 is described as being
fast and makes decisions effortless, which guides the vast majority of actions
taken, which includes actions such as checking the current time which works
subconsciously. “System 2” guides conscious decisions and behaviour. These
systems are not fully independent, being able to influence each other. Kah-
neman provides the example of voluntarily controlling the chewing process in
which “System 2” regulates and overrides the involuntary process. Another
example is “System 1”7 being responsible for directly responding to an unex-
pected sound whereas “System 2” then controls the following actions [72].
The suggested model has been refined since its inception with Evans and
Stanovich [50] proposing the dual-process theory of higher cognition in which
they distinguish between “type 17 and “type 2” processes. While these cor-
respond to “System 1”7 and “System 2” respectively, they don’t distinguish
between two independent systems but between two different types a stimuli
can be processed leading to a certain behaviour. In figure [3.1| an overview is
given of the defining features of these processes, their typical correlations and
the relationship to the previously used systems. The most important distinc-
tion Evans and Stanovich provide is the focus on the requirement of working
memory.

While human decision making is far from being fully understood the dual-
process model provides an important distinction between automatic decision
making which is prone to biased responses and the slower, conscious deci-
sion making, relying on reflecting and active thought process which can be
controlled and is able to willfully overrule automatic decisions.

3.1.2. Behavior Biases

Behavior biases influence decision making, increasing the likelihood of actions.
Most of these biases are heuristics affecting type 1 processing, reducing the
response time for a decision and are good enough to result in actions with good
or at least not bad consequences in the vast majority of the time. Additionally,
these biases are processed subconsciously and influence the very first phases
of decision making, the collecting, filtering and analyzing of data, taking effect
very early in the process.

Giving a detailed description of all biases that can be used to influence decision
making would go beyond the scope of this thesis. However, a limited number of
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Type 1 process (intuitive)
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Note. Italicized attributes are the proposed defining characteristics in the current article. Authors propos-
ing two systems include the features attributed to Type 1 and 2 processing but may also include the

additional features named.

Figure 3.1.: Clusters of Attributes Frequently Associated With Dual-Process and
Dual-System Theories of Higher Cognition @]
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biases are discussed briefly, being widely used as a basis for nudging, persuasive
systems design and recommender systems.

Anchoring & Adjusting

Effect: If someone make decisions they usually base these decisions on avail-
able information. This is called anchoring. While a good mechanism in gen-
eral, it can result in extremely biased behavior. An anchor could be unreason-
ably high or low or even arbitrary. It was shown that even randomly generated
anchors, for example by a fortune wheel, can influence our behavior|72].
Processing affected: Type 1 processing is affected, as they are not aware
that an anchor is used in either anchoring or adjusting from said anchor.
Further Reading: Dolan et al. provide a good overview of some of the effects
discussed, including anchoring and adjusting|45].

Framing

Effect: It is very important in which context a decision is made. Two equal
statements can evoke very different reactions. This is especially important
when considering loss aversion. Both of these effects are often considered
in conjunction. But this does not have to be the case. Framing the fuel
consumption by fuel per distance instead of distance per fuel can have a high
impact [72]. Framing can intensify other effects or subdue their influence by
making certain aspects more prominent.

Processing affected: Type 1 processing is mostly affected, especially in
conjunction with loss aversion.

Further Reading: See De Martino et al. for an analysis of gambles and
framing[44].

Loss Aversion/Endowment Effect

Effect: We usually value a loss higher than a gain[123]. Losing something has
a higher emotional effect than acquiring it. A prominent experiment on this
effect has been replicated countless times. Half of the students in a lecture are
given mugs with the university logo on it. Those that got a mug are asked at
what prizes they would sell the mug while those who have not received a mug
are asked at what prizes they would buy. The average selling prize is about
twice as high as the average buying prize[72]. The loss of a mug is valued
higher than the acquiring of a new one.

This effect has also been studied in case of gambles. The idea is to offer a
gamble where one can lose or win an amount of money dependent on a coin
toss[123]. For people to take the gamble the possible winnings have to be
double the possible losses. However, this gamble also depends highly on the
number of gambles offered and the framing of the question. Gambles depend
heavily on framing, while the mug example shows loss aversion.

Processing affected: This affects type 1 processing and is based upon basic
emotions which are especially hard to be regulated by type 2 processing
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Further Reading: For a deeper analysis of gambles refer to Rabin and
Thaler[104] and to De Martino et al. for an analysis of gambles and fram-
ing[44]. Kahneman, Knetch and Thaler go in-depth on loss aversion as well
as the endowment effect|73].

Social Norms

Effect: Behavior often follows social norms. These norms are usually per-
ceived as ideal behavior and it is common to think not conforming to such
norms will result in isolation and ridicule. Conforming with others is deeply
rooted in our behavior and experiments show that even blatantly wrong state-
ments are often accepted in order to conform to the other participants in the
experiments [123]. Social norms can take different forms, people are more likely
to trust a group or a particular confident speaker, especially if this speaker
is also approved by others. Especially social groups and figures hold in high
regards are imitated. However, sometimes people comply to norms they do
not personally approve off. Challenging a social norm is difficult, making it
hard to change social norms, even if most people in a society do not approve
the social norm.

Processing affected: Depending on the particular norm both systems can
be affected. When the norm is not deeply rooted in everyday behavior type 2
processing overrides the typical behavior to comply with the norm. When the
norm has been in effect for a long time type 1 processing has adopted the be-
haviour change and is affected by the norm too. In this case type 2 processing
would be necessary to challenge the behaviour again.

Further Reading: Cialdini and Trost provide a thorough foundation of social
influences [32].

Status Quo Bias

Effect: The status quo bias is the effect that people tend to keep whatever
is already in place. This ranges from not switching a channel on television to
automatic renewal of subscriptions and, depending on the default, being an
organ donor or not.[123]. Changing something requires energy and conscious
decision making. Even if this change only requires very little energy (like the
pressing of a button on a screen) it is often omitted and easier to not think
about it. The status quo bias is the most researched of the effects used to
nudge and has proven to be the most robust in terms of effectiveness. Even
when people are explicitly informed of the effect and that it is used in order
to change behavior, it is effective. When the conscious decision to change is
done, implementing this change can take a lot of time. This can be further
hindered by making the change require additional energy, making a phone call
instead of just visiting a website, or even filling out a form for example.
Processing affected: Type 1 processing is affected. Changing options re-
quires reflection upon the decision. This requires working memory and type 2
to make the decision to behave against the status quo.

21



Chapter 3: Behaviour Influence

Further Reading: Kahneman, Knetch and Thaler provide a thorough anal-
ysis of the status quo bias [73].

3.2. User Guidance Techniques

3.2.1. Nudging

Thaler and Sunstein propse the possibility to influence behaviour by designing
the environment, which they call choice architecture, in order to make a certain
decision more likely than others |123] which is called nudging. These nudges
are based on biases and basic emotions and target type 2 processing in the
vast majority. Nudging has been adapted in the field of human-computer
interaction (HCI) with the adoption of nudges in a digital context. The digital
choice architecture can be quickly modified and modified for a distinct user
with information of previous choices, enabling the personalization of nudges
[39] |75].

Jesse and Jannach [71] identified 87 mechanisms and four broad categories of
nudges, extending the 23 identified machanisms of nudging from Caraban et
al. [2§].

Nudging Mechanisms

h 4 Y h r

1) Decision L - . 4) Social Decision
) . 2) Decision Structure 3) Decision Assistance )
Information Appeal
Translalfe Change range Provide e lrl';;if;: of
information or compasition reminders P
messenger
Increase
salience of Change choice Facilitate Provide social
information defaults commitment reference point
Make .
information Change option Instigate
visible consequences empathy
Change
phrasing of Change option-
information related effort

Figure 3.2.: Taxonomy of nudging mechanisms defined by Jesse and Jannach |71].

Fig|3.2| shows the taxonomy proposed by Jesse and Jannach. Each category
describes an aspect of a decision, and how these aspects can be changed by
nudge mechanisms. The 87 identified mechanisms provide examples of these
nudge mechanisms with the most commonly used examples being aspects of
information simplification, providing a default choice and making use of social
comparison.
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An important aspect of digital nudging is the focus on single decision points.
The impact of one decision on future ones is usually not considered. A long
term behaviour change is only pursued implicitly by nudging a recurring de-
cision each time.

The proposition of nudging has sparked a debate on the ethical implications
of nudging, already briefly discussed by [123]. Lembecke et al. have provided
three core principles important to keep in mind when the use of nudges is
considered [82].

Autonomy / Freedom of Choice: A nudge intervention must be easy to avoid
as one core principle of nudging is to preserve the autonomy of a user. How-
ever, it can be argued that in the modern environment the number of fully
autonomous choices are minimal due to the digital environment being mostly
created by companies who do not subscribe to preserving the autonomy of
their users [118] [117].

Transparency: Without the knowledge of being nudged a user is less likely to
be able to identify a nudge and thus avoid it if they choose. What can be
considered a sufficient transparency is an ongoing debate, however, in order
to classify transparency of nudges the schemata of Hansen and Jespersen can
be referred to [61].

Goal-Oriented Justification: Calvien [33] examines strands of argumentation
typically used to justify nudges as ethically acceptable. Nudges are supposed
to work towards benefits for social goals or the person who is nudged. Self-
ish goals, such as profit, are not considered as ethical reasons for nudging
according to Thaler and Sunstein [123].

3.2.2. Persuasive Systems

The idea to use user interface design to guide user decision making has been
pursued by Fogg [52] in the work on persuasive technology. In this work the
first framework with five principles was introduced. These principles have
since then been expanded towards 28 by Oinas-Kukkonen and Harjumaa [94]
and have been included into the work my Murillo-Munoz et al. [92] as well.

Figure illustrates examples for the four categories of the last phase of
the persuasive system design (PSD) process. These are the specific princi-
ples used by persuasive systems design to influence the user behaviour. The
primary task support provides influence by simplification and personalization
by omitting unimportant information for the user. Social aspects influence all
other categories provided by emphasising the social role of the system, appeal-
ing to authority and providing social comparison respectively.

The primary task support is highly focused on type 1 processing whereas the
other categories take type 1 and type 2 processing into account by provoking
reflection on choices and their consequences as well as social implications.

One key difference to nudging is the intend of a lasting behaviour change in
PSD by targeting type 2 processing in order to change future behaviour as well
as the single decision point. PSD has been applied in multiple healthcare ap-
plications and studies, providing evidence for successful implementation [110].
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Figure 3.3.: Oinas-Kukkonen visualisation of persuasive systems [94].

3.2.3. Recommender Systems

Research has shown that people tend to decide favorably towards recommenda-
tions given by their surroundings [107] which has motivated extensive research
on so-called recommender systems. These systems gather possible choices by
means of finding similarities in content, using ratings given by other users and
more [27], to recommend an action or product to a user. Large quantities
of data are used to generate these suggestions to provide the perceived best
option to the user. The actual quality of such suggestions highly depend on
the algorithms used to identify the options and the intended purpose of the
recommendation. The pertinence of the suggestion is highly dependent on the
considerations of the user. Jesse and Jannach [71] provide evidence of only a
small number of nudging techniques having been explored yet in recommender
system design. In general, the majority of recommender systems have the goal
to reduce the workload of a user in the future by giving suggestions in order
to simplify the coming decision. In most cases the recommender system tar-
gets type 1 processing unless the active reflection on a decision is prompted
to affect future recommendations.

3.2.4. Gamification

In the work of Matallaoi et al. [88] gamification is defined as the integration of
game mechanics and elements into non-game environments with the purpose
to increase user engagement, enjoyment, as well as loyalty. The goal of gami-
fication is increased motivation, resulting in a change of undesired behaviour
into desired behaviour [7]. This is based on the work of Fogg providing an
argument for motivation being a strong inherent force, being able to willfully
change behaviour [51].

In order to stimulate the user type 1 processing is targeted by utilizing men-
tally stimulating game aspects. This is done to reduce aversion towards a
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task and prompting type 2 processing in future decision making to overrule
the intuitive response by reflecting upon the past behaviour and the increased
stimulation from the game aspects.

3.2.5. Comparison

A comparison of the above methods is discussed in [37] highlighting similarities
between these methods.

All methods utilise biases influencing type 1 and type 2 processing in different
ways, with the most prominent biases being framing and simplification. Type 2
processing is usually influenced by providing feedback or prompting social
reflection as well as relying on self-monitoring and inherent motivation as a
basis [3].

Influence Method Gamification
Change current

decision feedback

Nudging Persuasive Systems
Decision making
Reflection

Current decision

Recommender Systems

Timing Decision making After a decision

. .. Guiding towards ..
Decision affected Current decision £ Future decisions

Future decisions

future decisions

Processing targeted

Type 1

Type 1
Type 2

Type 1
Type 2

Type 2

Lasting behaviour
change?

Repeated nudging

Repeated use
social implications

Following decisions
No lasting change

Main intention

Reflection

Table 3.1.: Comparison between Nudging, Persuasive Systems, Recommender Sys-
tems and Gamification on when the influence is used and to what end

137

Table provides an overview of the influencing methods, at which time
they are used and which decisions are affected. It shows which processing is
targeted and if a lasting behaviour change is intended. This provides a broad
classification as each of these methods can be implemented in a number of
ways.

However, a connection between nudging and PSD is identified, both targeting
the decision at hand and predominantly using means to influence type 1 pro-
cessing. The most important distinction is the intent of behaviour change for
future decisions. Nudging only aims to change behaviour of a current decision,
requiring repeated nudging to result in lasting behaviour change whereas per-
suasive systems often aim to achieve a lasting behaviour change by including
type 2 processing effects into the design.

Recommender systems and gamification show similarities as well, the main
differentiation being intension for lasting behaviour change. Both methods
have the goal of changing future decisions, however gamification is directed
towards increasing motivation to make recurring decisions more likely when
repeating a task, whereas recommender systems focus on similar decisions in-
stead of recurring one.

Referring to figure it is possible to categorize recommender systems and
gamification as special forms of nudging, usually providing means to make
information more visible, change the effort of a decision and providing social
reference points.
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Surveys on Systems Engineering
[ssues and Preferences

4.1. Methodology

To provide a user-centric extension to the current systems engineering process
it is necessary to gather insights into the needs and preferences of systems en-
gineers with varying levels of expertise, ranging from no experience in systems
engineering towards professional level systems engineers. Several methods to
gather this insight were taken into account.

Surveys: Surveys are a widely used method and are especially cost-effective
when the exact number of participants is not known previous to conducting
the research. This is especially true for online survey, offering the ability to be
created and shared over a long period of time, gathering data with minimal
additional effort over time [127]. The structured feedback of surveys facilitate
comparative analysis between groups of participants or particular features of
a product or approach [16]. However, surveys can have difficulties captur-
ing nuances of user behaviour and experience. Additionally, social norms can
influence the answers participants provide, as can the survey questions them-
selves, making it important to take particular care on question design [5§].
Interviews: Interviews can provide in-depth and detailed answers of user ex-
periences, attitudes and needs through conversation with individual users.
Interviews are best used when user motivation, mental models and emotional
response are of particular interest [16]. The flexibility of the format make
it possible to adapt questions based on a particular response, making sure
both the question and answer are thoroughly understood [8]. Interviews are
resource-intensive which is a significant drawback. Interviews require time for
preparation, execution and for analysis. Furthermore, they rely heavily on
both the participants ability to articulate their experience and the ability of
the interviewer to quickly identify the need to adopt questions.

Focus Groups: Bringing together a small number of users to discuss topics of
interest with moderation allows for interactive exploration of shared experi-
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ences. This method of using a focus group to gather insights is particularly
suited to identify common and divergent perspectives and can provide insights
not gathered from individual interviews [16]. However, social influence can in-
fluence how the members of the group interact, leading to a higher level of
agreement.

Observational Methods: The systematical watching and recording of user be-
havior provides direct evidence of how users interact with a certain tool or
feature in a specific environment. This method provides insights on what
users do instead of what users report, which can differ due to social norms,
over- or underestimations and other factors. However, the presence of ob-
servers can potentially influence the behaviour [62]. In addition, this method
is similar to interviews when considering resources such as time required.

For this thesis the method of surveys has been chosen. The benefits of provid-
ing an asymmetric method to gather data was the most significant advantage
of surveys with the added benefit of significantly reducing the financial re-
quirements to gather the desired data. Additionally, the issue of recruiting
participants was amplified with the research starting during a time when pan-
demic prevention measures were enforced.

4.2. Student Survey

In order to identify the needs and preferences of future systems engineers a
survey with students from the RPTU Kaiserslautern-Landau was conducted.
This survey was intended to get general feedback on visualisation and represen-
tation from people with no or only very little systems engineering experience.

4.2.1. Hypothesis Formulation

From chapter it is save to assume that one key factor contributing to
the high entry barrier of systems engineering is the complex syntax which
contributes in a long training time. This in turn is valued higher due to loss
aversion and leads to status quo bias. The early version of SysMD (see section
was designed to provide intuitive, easy to learn syntax to reduce this
entry barrier. In addition, SysML v2 (see section has a strong focus
on providing a textual model representation. Providing both a graphical and
textual model representation provides the option to use them for different
purposes. Two possible purposes are the creation of new models and the
understanding and ability to explain a model to others.

This gives rise to the following hypothesis:

Hypothesis (H[1)) SysMD is intuitive to use.

Hypothesis ( Graphical model representation is preferred to understand
and to explain it to others.

Hypothesis ( Textual model representation is preferred to create a new
model.
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Hypothesis ( SysMDs simplified syntax reduces the systems engineering
entry barrier.

4.2.2. Setup

The first evaluation was setup as an online survey targeted at students of
the RPTU Kaiserslautern-Landau. This survey was propagated via university
wide newsletter and offered the opportunity to win a 10€ giftcard for partic-
ipation as an incentive.

The survey was designed to check for intuitive systems engineering design
by both asking for the direct perception of intuitiveness and the indirect per-
ception to generate a composite intuitiveness score. The survey consisted of
four sections.

Metadata

A small amount of metadata was collected, namely the systems modeling ex-
perience, used modelling languages, age and course of study.

Thirty students participated in the study, with only 5 of these with prior
systems modelling experience. The age ranged from 21 to 34 years old with
backgrounds in computer science, math, cognitive science, electrical engineer-
ing, chemistry and mechanical engineering. These students were currently in
their bachelor or master semesters and full-time students.

Two of the students with prior systems modelling experience had used SysML
before, one of them and two more students had experience with UML while one
student ha modelled system behaviour by using petri nets but no experience
with UML or SysML.

General Preference

This section asked for the general preference regarding textual or graphical
representation of models.

e Would you prefer a textual or graphical representation of a model in
order to understand it yourself.

e Would you prefer a textual or graphical representation of a model in
order to explain it to others.

e Would you prefer a textual or graphical representation of a model in
order to create a model.

SysMD

This section evaluated SysMD as a modelling language. To do so a small
example model was presented in the SysMD language. This model was evalu-
ated by the participants on six questions to derive the composite intuitiveness
score in addition to the direct intuitiveness question. The questions where
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presented as statements to be ranked from strongly disagree to strongly agree.
The composite questions consisted of:

e SysMD is easy to read.

e SysMD is easy to write.

A description can easily be modeled in SysMD.

The statements used in SysMD are clear to understand.
e ['m able to understand a SysMD model.

e [ would be able to explain a SysMD model to someone else.

SysMD, SysML, SysML v2 comparison

The last section compared SysMD, SysML and SysML v2 by presenting the
same model in all three languages. The participants then where asked which
language they prefer.

e Which of the three models do you think is the most intuitive?

e Which of the three models is the easiest to understand?

Which model would you use to explain it to someone else?

In which modeling language would you most likely create a new model?

Which of the three models is the most clear in its use of keywords and
relations?

4.2.3. Results and Evaluation

In general the students clearly preferred a graphical representation over a tex-
tual representation in order to understand a given model themselves. The
majority preferred to have access to both a textual or graphical representa-
tion while nine participants preferred to have only a graphical representation
and one preferred the textual representation only. In order to explain a model
to others the use of only a graphical representation increased to 16 of 30
participants preferring to explain a model with only a graphical representa-
tion, whereas two participants prefer a textual representation for this task.
This preference for graphical representation decreases significantly towards a
textual representation preference when tasked to create a model themselves.
Seven participants prefer to only use a textual representation to create a model
whereas twelve prefer to have access to both and ten prefer to create a model
with a graphical representation. Even though the graphical representation
is still preferred overall the shift towards textual representation for creation
purposes is important to consider and likely to increase with more complex
models which are harder to represent graphically.
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Would you prefer a textual or graphical representation of a model
in order to understand it yourself?

25

20

15

10

0 |

Graphical Representation Textual Representation Both

Figure 4.1.: Preference of graphical vs textual representation to understand a
model.

Would you prefer a textual or graphical representation of a model
in order to explain it to others?

18
16
14
12

10

2 -
0
Graphical Representation Textual Representation Both

Figure 4.2.: Preference of graphical vs textual representation to explain a model
to others.

SysMD was generally agreed upon to be intuitive (refer to figure , easy
to read (refer to figure and easy to understand (see figure . Fig-
ure [£.5khows that when asked if the participants would be able to explain the
given SysMD model the participants were generally unsure, some feeling con-

31



Chapter 4: Surveys on Systems Engineering Issues and Preferences

Would you prefer a textual or graphical representation of a model
in order to create a model?

14

12

co

N

Graphical Representation Textual Representation Both

Figure 4.3.: Preference of graphical vs textual representation to create a model.

fident to be able to while others were not. The ability to read and understand
the SysMD statements does not translate to a confidence being able to create
a new model in SysMD as shown in figure which is not surprising, given
they only had a very small example as a basis and no general model-based
systems engineering experience. However, the ability to understand the given
model and the statements give support to the idea of translating the com-
plex systems engineering concepts into easy to understand, natural language
adjacent, statements to simplify the creation of models and facilitate compre-
hension.

SysML and SysMD are overall preferred by the participants, when compar-
ing the same model in each language. SysML is considered to be the most
intuitive and the most suited to explain it to others (shown in figures
and [4.13)), which is in line with the preference for graphical representation to
understand a model and explain it to others. SysMD is considered easier to
understand (see ﬁgure and to have the more concise or clear keywords and
relations (see ﬁgure but lacks a graphical representation to be considered
intuitive. Given the preference of graphical representation it is surprising to see
that over half of the participants consider SysMD to be easier to understand
than SysML, showing the importance of easy to understand syntax, especially
for non-systems modeling experts. This is also evident in the preference to
create a new model in either SysML or SysMD with only five participants
choosing SysML v2 as the preferred means to create a new model, as shown
in figure [4.15
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SysMD is Intuitive
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Strongly Agree Agree Neither agree  Disagree Stronly Can't say
nor disagree Disagree

Figure 4.4.: How much participants agreed with the statement that SysMD is in-
tuitive.

| would be able to explain a SysMD model to
someone else
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Strongly Agree Agree Neither agree  Disagree Stronly Can't say
nor disagree Disagree

Figure 4.5.: How much participants agreed with the statement that SysMD is easy
to explain.

4.2.4. Hypothesis Evaluation

e Hypothesis Hl|can be considered to be true as seen in the direct response
seen in figure [4.4] as well as the implicit response from figures and

5]

e Hypothesis H2 is supported as well as seen both in figure [£.1] and
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SysMD is easy to read
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Strongly Agree Agree Neither agree  Disagree Stronly Can't say
nor disagree Disagree

Figure 4.6.: How much participants agreed with the statement that SysMD is easy
to read.

SysMD is easy to write
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Strongly Agree Agree Neither agree  Disagree Stronly Can't say
nor disagree Disagree
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Figure 4.7.: How much participants agreed with the statement that SysMD is easy
to write.

Both showing a clear preference for graphical representation when unable
to access both a graphical and textual representation.

e Hypothesis HJ| is not supported as shown in figure The preference
between textual or graphical representation not clear with a slight pref-
erence towards graphical representation.
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A description can easily be modeled in SysMD

12

10

I

N

o I L

Strongly Agree Agree Neither agree  Disagree Stronly Can't say
nor disagree Disagree

Figure 4.8.: How much participants agreed with the statement that a new model
is easy to be created with SysMD.

The statements used in SysMD are clear to

understand
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Strongly Agree Agree Neither agree  Disagree Stronly Can't say
nor disagree Disagree

Figure 4.9.: How much participants agreed with the statement that SysMD is easy
to understand.

e Figures up to show a general preference towards SysML, which
is in accordance to the preference of a graphical representation of models.
When comparing the syntax of SysMD and SysML v2 the preference
towards the simplified syntax of SysMD is illustrated. This supports
hypothesis when considering only textual representations of models.
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I'm able to understand a SysMD model
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Figure 4.10.: How much participants agreed with the statement that models in
SysMD are easy to understand.

Which of the three models is the most clear in its
use of keywords and relations?
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Figure 4.11.: Rating of which of the three given modelling languages (SysML,
SysML v2 and SysMD) has the most clear statements.

4.2.5. Limitations of the first survey

Due to the limited number of participants in our survey, the results should be
interpreted as indicative trends rather than statistically robust findings. The
participants in this survey have been students from the RPTU Kaiserslautern-
Landau with almost no systems engineering experience. The low number of
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Which of the three models is the easiest to
understand?
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SysML SysMD SysMLv2 Can't say

Figure 4.12.: Rating of which of the three given modelling languages (SysML,
SysML v2 and SysMD) is the easiest to understand a model in.

Which of the three models do you think is the
most intuitive
16
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SysML SysMD SysMLv2 Can't say
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Figure 4.13.: Rating of which of the three given modelling languages (SysML,
SysML v2 and SysMD) is the most intuitive

participants makes this survey prone to a sampling bias, resulting in indicative
findings at best. In addition, all participants were students from the RPTU
Kaiserslautern-Landau, thus generally only having access to lectures from the
university which can influence preference based upon lecture experience.
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Which model would you use to explain it to
someone else
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SysML SysMD SysMLv2 Can't say

Figure 4.14.: Rating of which of the three given modelling languages (SysML,
SysML v2 and SysMD) provides models best suited to explain to
others.

In which modeling language would you most
likely create a new model?
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Figure 4.15.: Rating of which of the three given modelling languages (SysML,
SysML v2 and SysMD) would be preferred to create a new model in.

4.3. INCOSE Survey

4.3.1. Setup

The second study was an online survey as well. This survey was targeted
at professionals to receive feedback from their perspective. This survey was
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designed to identify the current challenges in systems engineering to evaluate
how inclusive systems engineering can tackle these challenges. This study was
aimed at people interested in systems engineering or working in a systems
engineering field. The goal of this survey was to identify pressing issues in
systems engineering and to identify commonly requested features for future
systems engineering tools from not only an expert but also beginner perspec-
tive.

The survey was shared predominantly with INCOSE and OMG systems engi-
neering groups to collect data from people interested in systems engineering
and with varying levels of experience.

4.3.2. Hypothesis Formulation

Similarly to before the focus on textual and graphical representation of SysML v2
suggests the use for different purposes. To validate the results of the student
survey this is included in the INCOSE survey as well. With the aim of MBSE
to facilitate stakeholder integration it is important to identify stakeholder in-
tegration, especially domain expert integration, as an important issue faced
by system engineers. It is expected that professionals value the ability to com-
municate specifications and the existence of features going beyond descriptive
modeling, such as verification and validation of models, highly to solve com-
plex tasks whereas beginners struggle with the complex syntax which is already
known to professionals.

Hypothesis ( Systems engineering has a high entry barrier.

Hypothesis (H@ Domain experts need to be better integrated into the sys-
tems engineering process.

Hypothesis (H/7) Model validation and verification is valued more with in-
creased systems engineering experience.

Hypothesis ( Modelling language syntax simplification is valued higher
by participants with less MBSE experience.

Hypothesis (H@) Graphical model representation is generally preferred for
visualisation purposes compared to a textual representation.

Hypothesis (H10|) Textual model representation is generally preferred for
creation purposes compared to a graphical representation.

Hypothesis (H11]) Keeping documentation and models consistent through-
out the modelling process is an important issue.

Hypothesis (H[12) The ability to create models automatically is important.

Hypothesis (H13|) The ability to have configurable abstraction levels is im-
portant for professionals to communicate the specifications.

Hypothesis (H/14) The ability to analyse expressions in a model is valued
primarily by experts.
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Metadata

In the first section we collected some metadata about the participants. The
only metadata which was collected is the age range, expertise in systems en-
gineering and model-based systems engineering in particular, as well as the
kind of domain and tool experience possessed.

The survey got 29 responses showing a wide spread of participants in age (see
figure and systems engineering expertise as shown by figures and
4. 18]

o

= 18-25 =26-35 =36-45 =45-55 =56+

Figure 4.16.: Age of participants.

The vast majority of participants in the survey were between 26 and 55
years old, see for the exact number of participants per age.

The systems engineering experience was highly spread out, with four par-
ticipants indicating no systems engineering experience. It was to be expected
that most participants at least know the basics of systems engineering and a
large part working professionally in systems engineering due to the platform
used to share the survey (see Experience in model-based systems engi-
neering doubled the number of people with no experience and shows clearly
that most people who worked in model-based systems engineering projects
do so professionally, with only two participants indicating to have worked in
model-based systems engineering projects but not having professional experi-
ence (see figure . This can be tentatively interpreted as supporting the
claim of systems engineering moving from document-based towards model-
based, adopting the mode-based approach.
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Experience in systems engineering

= Beginner level (knowing the concepts) = Worked in systems engineering projects

Professional level = No experience

Figure 4.17.: General systems engineering experience as indicated by the partici-
pants.

Figure shows clearly that most participants have software development
expertise as well as expertise in electrical engineering and automotive domains.
It is important to note that participants were able to state their expertise in a
text-field and check multiple answers. However, the spread of domain expertise
is shown by two participants from a medical domain.

As expected, three quarter of participants had experience in Excel with the
six participants claiming no experience in Excel likely having used the tool
before but not in any systems engineering context (see figure Dedicated
general purpose systems engineering tools such as PREEvision, Enterprise
Architect, the Eclipse Modeling Framework and Polarion are surprisingly un-
known by the participants of this survey, especially when filtering the data
for people knowing both the Eclipse Modeling Framework and Enterprise Ar-
chitect, which accounts for four of five people knowing the Eclipse Modeling
Framework.

Systems Engineering Challenges

The second section starts with a general question as how approachable the par-
ticipants perceives systems engineering to be for non-experts on a scale of 1
being very hard to get into to 5 corresponding to it being very easy to get into.

Afterwards, 16 challenges are presented which the participant has to rate
separately on how important it is to find solutions to the particular challenge.
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Experience in MBSE

= Beginner level (knowing the concepts)
= Worked in systems engineering projects
Professional level

= No experience

Figure 4.18.: General model-based systems engineering experience as indicated by
the participants.

What kind of domain expertise do you have? Please check all that apply to you.
29 responses

Electrical Engineering
Mechanical Engineering
Automotive

Aerospace

Medical

Sensor Technology

Software Development

None

Computer Science

Process Management, Proc...
systems engineer in aerospa...
| can't list everything | have...
Defense

Robotics Systems Engineering
none

11 (37.9%)
7 (24.1%)
8 (27.6%)

20 (69%)

1 (3.4%)
~1(3.4%)
1 (3.4%)
1 (3.4%)

Figure 4.19.: General domain experience as indicated by the participants.

These challenges are:
e Late change requests

e Low stakeholder participation
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What kind of tool experience do you have? Please check all that apply to you.
29 responses

PREEvision

Enterprise Architect

Polarion

Excel

Eclipse Modeling Framework
SysMLv2

Simulation

1 (3.4%)

23 (79.3%)

Python Programming and a |...

Figure 4.20.: Tool experience as indicated by the participants.

e Difficulty with modelling language

e Unintuitive semantics of modelling language
e Outdated documentation

e Misunderstanding between stakeholders
e Missing domain-expert input

e Incomplete or ambiguous requirements
e Missing tool integration

e Outdated/Inconsistent models

e Model validation

e Model verification

e Missing knowledge basis

e Misinterpretation of models

e Missing reference material

e Informal models

All of these are ranked individually on a scale of very important to very unim-
portant
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Important Features

The third section is similar to the second by design but aims to identify im-
portant features for systems engineering. Again, these are ranked from wvery
important to very unimportant individually. These features are:

e Documentation and model connected (linked/one place)

e Shared knowledge basis

e Version management system

e Simplified syntax for common entities and relationships

e Stakeholder collaboration

e Graphical model representation for creation

e Graphical model representation for visualisation

e Textual model representation for creation

e Textual model representation for visualisation

e Tool independence

e Support incomplete models

e Commonly accepted methodology

e Accessible reference models

Features Beyond Descriptive Modelling

The forth and final section presents four features that go beyond descriptive
modelling of a system. These features provide additional functionality and
can be realised with extensions to SysML v2 or by means of additional tools.
The four features to be ranked are:

e Automated model generation from natural language

e Analysis/Computation of expressions

e Automated consistency checking

e Configurable abstraction levels
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4.3.3. Results and Evaluation

To evaluate the survey results I focus on five groups, depending on the indi-
cated systems engineering expertise. The groups are:

e All: All participants are included in this group.

e Professionals: This group only consists of participants who have indi-
cated a professional level expertise in systems engineering. Ten partici-
pants are included in this group.

e Intermediate: This group only consists of participants who have worked
in systems engineering projects before. Nine participants are included
in this group.

e Beginner: This group consists of the participants who have indicated to
know the basic concepts of systems engineering without having worked
in such projects before. This group consists of six participants.

e No experience: This group consists of the participants who indicated no
experience in systems engineering at all. This group only consists of four
participants.

To be able to compare the results between the groups a score is created for
each group by calculating the average importance score for each question over
each group. The answers correspond to a score with:

e very important = 5
e important = 4
e neither important nor unimportant = 3

o unimportant = 2

1
—_

e very unimportant
e can’t say =0

The option can’t say introduces missing data into the data set. As this set is
very small a listwise deletion, thus removing all participants completely which
have chosen a can’t say response is to be avoided. Thus the feasible options
are pairwise deletion, simple imputation or multiple imputation.

Figures [4.21] [4.22] and 4.23| show the difference of simple imputation with the
assumption of can’t say = 0; can’t say = neither important nor unimportant
and pairwise deletion respectively. This shows that treating can’t say as an
neither important nor unimportant answer is rather similar to the pairwise
deletion method. Due to the vast majority of answers being either important or
highly important due to including mostly generally known systems engineering
issues the simple imputation method to treat the missing data as the middle
value leads to a slightly more conservative result. The option of can’t say
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General Modelling Issues
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Figure 4.21.: Perceived importance of general modelling issues on a scale from
very unimportant to very important depending on expertise with
can’t say treated as less than very unimportant

General Modelling Issues
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Figure 4.22.: Perceived importance of general modelling issues on a scale from
very unimportant to very important depending on expertise with
can’t say treated as less equal to neither important nor unimportant

being treated as less than wvery unimportant provides the most conservative
approach, especially considering the respondents with no systems engineering
expertise.

For the remainder of the thesis can’t say has been chosen with a score of zero
chosen to keep the number of answers constant for each question to keep the
number of participants as high as possible. This provides a highly conservative
importance score in order to reduce the impact of individual answers due to
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General Modelling Issues
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Figure 4.23.: Perceived importance of general modelling issues on a scale from
very unimportant to very important depending on expertise with
can’t say responses deleted from the response data

the limited number of participants and to highlight that the evidence provided
is only tentative. As most can’t say responses came from the people with
no systems engineering experience this group is only considered very lightly
during the rest of the evaluation.

Accessibility of systems engineering

4,5
35
2,5

1,5
) I
0

Average Professional Intermediate Beginner No experience Familiar with SysML

N

4]

Figure 4.24.: Perceived accessibility of systems engineering. Scores where possible
from 1 = very hard to get into up to 5 = very easy to get into.

Figure illustrates the perceived accessibility of systems engineering in
general with a low rating corresponding to systems engineering being very hard
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to get into. Participants with a beginner level of systems engineering expertise
ranked it as the least accessible, while more professional participants rated
it more accessible. Overall, systems engineering is still perceived as rather
hard to get into, with professionals still leaning slightly towards it being less
accessible approach. Interestingly, experience in SysML does not change this
perception.

The most pressing issue identified in this survey, with an average of 4,24 is
the existence of incomplete or ambiguous requirements as shown in figure [£.25]
This issue has been rated as very important or important by all but three par-
ticipants. This has also been reported multiple times throughout literature,
e.g. [101] and . Other general systems engineering issues shown in fig-
ure are outdated documentation and late change requests, both known
problems in systems engineering and deemed important by the participants.
Both of these can be connected to the incomplete requirements, stressing the
importance of thorough requirements analysis, preferred with domain-expert
participation.

General Systems Engineering Issues
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Figure 4.25.: Importance of issues regarding general systems engineering issues as
experienced by participants with an beginner level of expertise.

Figure highlights an interesting result in the perceived mismatch be-
tween misunderstanding between stakeholders and low stakeholder participa-
tion. While the potential of misunderstandings is considered to be important
overall and by all participants with at least basic systems engineering expertise
the issue of low stakeholder participation is not considered as important. This
could be due to stakeholder participation already being high, which would be
somewhat go against the importance of domain-expert input. This mismatch
might be a result of the limited number of participants, however, the fact
that this mismatch is almost nonexistent when considering only the profes-
sional participants we deem this important to point out as a potential further
research topic.

Figures and highlight model related issues. The issues considered
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Stakeholder Integration
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Figure 4.26.: Importance of issues regarding stakeholder integration as experi-
enced by participants with an beginner level of expertise.

Model Correctness
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Figure 4.27.: Importance of model correctness related issues as considered by the
participants.

as the most important in regards to modelling overall are model validation,
model verification and the issue of unintuitive semantics of modelling lan-
guages. Other issues directly related to models are mostly considered to be
somewhat important, but less important compared to general issues or other
model related issues. The least important issues overall are the existence of
informal models and missing reference models.

Figure [4.29 shows the preference of participants regarding model represen-
tation in either textual or graphical form and in which context each represen-
tation is preferred. There is a clear preference for graphical representation for
visualisation purposes. This is intuitively true, however, this survey also shows
the importance for a textual representation in order to create models. This
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General Modelling Issues
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Figure 4.28.: Importance of general model related issues as considered by the par-
ticipants.
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Figure 4.29.: Importance of model representation as perceived by participation as
experienced by professionals.

indicates an importance for new modelling languages to support both graph-
ical and textual representation for a given model, preferably with automatic
translation between both.

When comparing the tool specific features, stakeholder integration features
and accessibility features, illustrated in figures .30, [.31] and [£.32] respec-
tively, overall the tool specific features are deemed the most important. This
shows the importance of sophisticated tools for systems engineering, offering
features such as version management systems and make documentation easy
by linking models and documentation. Facilitating stakeholder collaboration,
for example by simplification of modelling syntax to support stakeholders cre-
ate rudimentary models and providing a commonly accepted methodology is
deemed more important than providing accessible references or other accessi-
bility related features.
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Tool specific features
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Figure 4.30.: Importance of features which are tool specific in nature.
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Figure 4.31.: Importance of issues regarding stakeholder features as experienced
by professionals.

Figure illustrates the importance of automated consistency checking in
MBSE, being seen as an important feature which goes beyond pure descriptive
modelling capabilities.

Professional Level

Participants with a professional level of expertise in systems engineering val-
ued the missing domain-expert input as high as the incomplete or ambiguous
requirements with both being rated very with 4,5 and 4,7 as an average score
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Figure 4.32.: Importance of features beyond descriptive modelling as experienced
by professionals.
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Figure 4.33.: Importance of features beyond descriptive modelling as experienced
by professionals.

respectively. Both model verification and model validation scored an average
of 4,7 making it be rated as important as the issues regarding requirements.
Two more rather interesting issues are low stakeholder participation and dif-
ficulties with modelling language, which are both rated by professionals as
important with an average of 4,1 and 4,3 respectively whereas they are rated
as neither important nor unimportant on average including all participants
with 3,2 and 3,3 on average.

It is important to point out that the mismatch considering stakeholder par-
ticipation and domain-expert input is not existent in professional level partic-
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ipants. Features going beyond descriptive modeling has two clearly requested
features from professionals, being analysis and computation of expressions and
automated consistency checking, being rated with 4,6 and 4,7 respectively.
The configurable abstraction levels, which scored overall more points than the
analysis and computation of expressions, was rated only with average of 3,6.

Figures [£.34] [£.35] [4.36], [4.37], [4.38] give a visualisation of the discussed data in

a more detailed manner.
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Figure 4.34.: Importance of issues regarding stakeholder participation as experi-
enced by professionals.
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Figure 4.35.: Importance of issues regarding models as experienced by profession-
als.
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Figure 4.36.: Importance of features of modelling as experienced by professionals.
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Figure 4.37.: Importance of model representation as perceived by participation as
experienced by professionals.

Intermediate Level

The group of participants who worked in some systems engineering projects
and thus are considered to be of intermediate expertise rated the issues and
features overall lower than the average. This is due to the choice of rating
can’t say as zero instead of discounting it all-together. Only the incomplete
and ambiguous requirements were rated as important on average with 4,2.
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Figure 4.38.: Importance of features beyond descriptive modelling as experienced
by professionals.

Missing domain-expert input, outdated documentation and misunderstand-
ings between stakeholders were all scored with an average of 3,77. This shows
that for intermediate level participants the integration of stakeholder input is
considered more important than issues inherent to systems engineering.
Considering requested features the version management scored 3,44 on av-
erage with connection of documentation and model, simplified syntax and a
commonly accepted methodology scored 3,22 each. This highlights the need
for collaboration between stakeholders as well.

Intermediate level participants score the ability to configure abstraction levels
higher than each other feature that goes beyond the descriptive modeling. This
feature supports collaboration by providing means to create different views of
a model to present.

Stakeholder Input Integration

Outdated documentation Misinterpretation of models Missing domain-expert input Incomplete or ambiguous
requirements

o 1

N

0
mAverage minter

Figure 4.39.: Importance of issues regarding stakeholder participation as experi-
enced by participants with an intermediate level of expertise.

95



Chapter 4: Surveys on Systems Engineering Issues and Preferences

Model Representation
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Figure 4.40.: Importance of issues regarding model representation as experienced
participants with an intermediate level of expertise.

Beginner Level

Six participants are at a beginner level of systems engineering, knowing the
concepts but have not yet worked in systems engineering projects. Problems
with incomplete requirement analysis are still rated the most pressing issue
with a rating of 4.5. Late change requests were rated with 4,3 points and
almost as pressing. Interestingly, outdated models and unintuitive syntax and
semantics have been rated with 4,16 points on average as more important than
missing stakeholder input or misunderstandings between stakeholders. This
shows that the syntax poses a high entry bar which can prevent people from
starting to get into systems engineering.

For important features a version management system (4,5) and stakeholder
collaboration (4,3) are identified as most important. A graphic representation
for visualisation is also important with 4,16 and ranked higher than a textual
representation for creation with 3,66. However, both are ranked higher than a
graphical representation for creation and textual representation for creation,
showing a preference of creating something in textual form and being able to
transform it into a graphical form for visualisation purposes, see figure [4.41

No experience

Only four participants had no experience in systems engineering. However,
they overall valued model verification and validation as important with an
3,75 average. Additionally they identified misinterpretation of a model as an
important issue.

For features they valued linked documentation and version management as
important features with 3 points on average each. However, keep in mind
that an extremely conservative imputation has been made considering can’t
say responses, which were most common among this group.
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Model Representation
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Figure 4.41.: Importance of issues regarding model representation as experienced
participants with an beginner level of expertise.

Between Level comparison

One interesting result comes from comparing the estimation of accessibility
of systems engineering. The participants with professional expertise in sys-
tems engineering rate it as easier to get into (on average 2,6) than the ones
with only beginner level expertise (on average 1,5) as already shown in fig-
ure Furthermore, it is clear that professionals value model validation
and verification much more highly than intermediate and beginner level par-
ticipants. Additionally, they also value missing domain expert input and a
missing knowledge base much more highly than the other two groups. The
issue these three groups agree upon the most is the issue of incomplete and
ambiguous requirements. The only issue which beginners rate more important
than the other two groups are the unintuitive semantics of modelling languages
which is in line with rating systems engineering as harder to get into than pro-
fessionals.

When considering requested features the version management system is re-
quested highly by all groups. For model creation both beginners and inter-
mediate would prefer a textual representation whereas professionals slightly
prefer a graphical representation, which can be explained by being accustomed
to it. For model visualisation all groups clearly prefer a graphical representa-
tion to a textual one. As to be expected, professionals overall rate features as
more important, having more experience to see value in all proposed features.
Automated consistency checking is valued highly by all three groups, even
though the model validation and verification was only deemed very important
by professionals.

4.4. Hypothesis evaluation

e Hypothesis H|is clearly supported as shown in figure This is espe-
cially true for participants with only a beginner level systems engineering
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experience.

e Hypothesis Hf]is supported as illustrated by figure [£.26] showing missing
domain expert input being rated especially important by professionals
but highly by all groups.

e Hypothesis H7] is supported as illustrated in figure Both model
validation and verification are rated as highly important by experts.
However, both are among the most highly rated issues for participants
without systems engineering experience and also rated highly by inter-
mediate level participants. This shows that model validation and verifi-
cation are deemed as important issues generally, with no clear connection
between expertise and importance rating. This is further supported by

figure

e Hypothesis Hg|is not supported. Both figures[d.28 and [£.31]show no clear
connection between expertise and importance rating for simplification of
syntax. Instead it is rated highly among all participants.

e Hypothesis HJ|is supported by figure showing a clear preference for
graphical model representation over textual representation for visualisa-
tion purposes.

e Hypothesis is not clearly supported. Figure indicates only a
minor preference of textual model representation for creation purposes
among professionals. The hypothesis is supported when only considering
intermediate and beginner level participants.

e Hypothesis HIT]is supported. Figure[4.25and[4.30]both show the general

importance of documentation issues in systems engineering.

e Hypothesis is not supported. Figure shows the feature of auto-
matic model generation from natural language is not seen as important.

e Hypothesis is not supported generally. Figure shows that con-
figurable abstraction levels are valued more highly by intermediate level
participants compared to other issues and features when considering only
this group of participants. In general, the feature of configurable abstrac-
tion levels is not seen as important.

e Hypothesis H14]is not generally supported. However, figure shows
the ability to compute expressions is valued highly by professionals.

4.5. Overall evaluation

Evaluating both studies one can infer a need to simplify the systems engineer-
ing process to deal with ever more complex systems spanning across ever more
domains. The surveys show that depending on the systems engineering exper-
tise different features are important to provide. Especially when considering
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syntax and user guidance the more proficient participants have less need for
it than less proficient ones. However, all participants have shown a preference
for a graphical model representation in order for visualisation and a textual
representation for creation purposes. This is unsurprising, but highlights the
need for future systems engineering languages, such as SysML v2 to keep both
a textual and graphical representation in mind, both with distinct and impor-
tant purpose of their own.

The importance of domain expert and stakeholder input is clearly shown, both
directly and indirectly as comprehensive requirements are only possible when
all stakeholders work together. Another feature that is generally highly re-
quested are means to keep documentation up to date to represent changes in
design, both by linking it with system models and by providing a meaningful
version management as an additional way to make changes visible.

When considering features and issues important for professional participants
the need of model verification and validation and automated consistency check-
ing stands out.

Professional systems engineers have to deal with ambiguous and incomplete
requirements and are missing tools which are able to validate and verify models
efficiently. They require sophisticated tools providing features like automated
consistency checking and computation of expressions to quickly check the cre-
ated models.

Intermediate level participants require support in stakeholder collaboration by
means of a common methodology, configurable abstraction levels in addition
to model validation and verification.

Beginner level participants value a simplification of modelling syntax and gen-
eral accessibility highly with less emphasis on model verification and validation
features.

4.5.1. Limitations of the this survey

Due to the limited number of participants in our survey, the results should be
interpreted as indicative trends rather than statistically robust findings. Fur-
thermore, the survey was distributed via opt-in mailing lists from INCOSE
and OMG, reaching only participants interested in systems engineering and
being members of the OMG and INCOSE which does not represent the general
systems engineering population. This is highlighted by figure showing a
high number of participants with software development and electrical engi-
neering background, whereas the medical, defense and aerospace domains are
underrepresented compared to studies such as the one by Akundi and Anko-
biah with 75% of participants from the defensive or aerospace domain. These
limitations are further increased when analysing a particular focus group or
comparing the groups to each other. The preliminary findings of this work
are supposed to provide further research topics instead of strong empirical
evidence.

The inclusion of can’t say with a score of zero provides a conservative esti-
mate of the importance scores for each group. Removing can’t say responses
would give a more accurate result by giving more emphasis to each individual
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answer. We chose to reduce the impact of each individual answer due to the

limited number of participants.
No statistical analysis has been provided due to these limitations.

60



Chapter

Inclusive Systems Engineering

5.1. Objective

From the surveys discussed in chapter it is save to assume that sys-
tems engineering is facing challenges in many different directions as further
evidenced by the surveys from chapter 4l In order to provide more comprehen-
sive and valuable requirements, identified as one of the key issues, it is impor-
tant to involve domain experts and other stakeholders into the requirements
analysis and following development phases, especially with today’s systems
become ever more complex. This gives rise to the need of new development
methodologies which can be quickly picked up by non-experts to define system
requirements and functions.

For this purpose, this work focuses on on simplification of systems engineering
to make it more accessible to domain-experts. To do so the notion of inclusive
systems engineering is introduced. Inclusive systems engineering aims to sim-
plify the process of systems engineering in order to make it more approachable
to non-experts, especially domain experts. It is an extension to systems engi-
neering, and model-based systems engineering in particular.

The purpose of this simplification is to reduce the hindering factors to adopt-
ing MBSE by reducing biases such as loss aversion, status quo biases and foster
biases such as social norm appeal as discussed in chapter To achieve
this inclusive systems engineering focuses on three parts:

o User guidance: Methods to ease new engineers through the process,
fostering MBSE adoption by reducing training times and highlighting
benefits

e Process accessibility: Focusing on a process that is easy to adopt, es-
pecially considering compatibility with domain specific tools and tech-

niques.

o Tool accessibility: Features provided by specific systems engineering
tools to facilitate easy transition, communication and adoption.
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For each part general features are proposed and discussed. Inclusive systems
engineering is proposed to facilitate communication between stakeholders and
ease of adoption of MBSE, both shown to be highly important issues by the

surveys discussed in and

5.2. Definition

In order to follow the systems engineering definition given by INCOSE in
chapter [2.2] T have chosen to extend their definition by including the focus on
domain experts and an approachable systems engineering approach.
Inclusive Systems Engineering is a transdisciplinary and integrative approach
to enable the successful realization, use, and retirement of engineered systems,
using systems principles and concepts, and scientific, technological and man-
agement methods with the specific focus on domain experts. User
guidance techniques, intuitive syntax and interactive approaches are
used to make the systems engineering process as approachable as
possible for non systems engineering experts. |3§]

5.2.1. Inclusive Model-Based Systems Engineering definition

The ever increasing complexity of systems in all domains confront modeling
experts with increasingly intricate modeling decisions. These decisions need
to be made by modeling experts collaborating closely with the domain ex-
perts, which is time consuming and can still result in wrong decisions due to
misunderstandings. In order to solve this issue and further advance MBSE we
consider the inclusive systems engineering approach, aiming to assist domain
experts in the systems engineering process.

We call this approach Inclusive Model-Based Systems Engineering, seeing in-
clusiveness as making the MBSE approach more accessible towards the ma-
jority of population, who is not familiar with the inherit computer science
terminology and conventions usually presupposed for MBSE. We extend the
notion of MBSFE 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. |96] towards Inclusive MBSE is MBSE designed to be
utilised by domain experts, providing a gentle learning curve, intuitive syntax
and methodology, combined with guidance methods.

Combining the features of inclusive systems engineering and inclusive model-
based systems engineering discussed in [40] and [38] respectively shows some
features present in both approaches and unique ones depending on the ap-
proach, which is shown in [5.1] and split into three sections. The first section
consisting of simplified syntazx, user guidance and integrated documentation
apply to any systems engineering approach. The second section, tool inde-
pendence, knowledge basis, version management, extendability and code gen-
eration correspond to the broad, abstract, systems engineering concept and
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are not necessarily applicable to model-based systems engineering. However,
it is preferred to provide these features for MBSE as well. The third section,
graphic € textual representation, interactivity, incomplete model support, user
specific views and standard compatibility are particularly important for MBSE.
In the following each category and feature are discussed to provide reasoning
for inclusion, anticipated benefits and a general suggestion how to support the
feature.

| Features | Benefits ‘
[ INCLUSIVE SE & INCLUSIVE MBSE |

Reduced learning time

Natural Language

Simplified Syntax .. ] Low entry
Limited ## keywords Gradual introduction
Nudging Low entry

User Guidance Recommender Systems Comprehensive Systems
Feedback Domain expert focus
Single File

Comprehensive Documentation

D tati
ocumentation & Knowledge Transfer

Specification

Integrated Documentation

INCLUSIVE SE

Communication & Cooperation

Tool Independence .
across domains

Compatible domain tools

Domain specific knowledge
usable

Version Control &
Commit System

Basic solution

Domain specific solutions

Knowledge Basis Knowledge Transfer

Version Management Iterative Design

Common basis

Cooperation

Comprehensive domain models
Complex systems from
informal description

Extendability

Code Extraction from

Code Generation .
documentation

INCLUSIVE MBSE

Graphic & Textual Representation

Automatic Transformation

Complex modeling in text
Graphic models to share

Interactivity

Direct Feedback

Bug fixing
Constraint Checking

Possible Roadmaps
Top-Down & Bottom-Up
Agile methods

Incomplete Model Support Abstract missing information

Abstract confusing information
Task specific views

User specific views
Introduction to standard
Simplified sharing

Abstraction of Information

User Specific Vie . .
SCT SPeCtiic Views Domain/Purpose views

Extend standard

Standard Compatibility Multi-Tool support

Table 5.1.: Overview of all inclusive systems engineering features with exemplary
features and expected benefits.

Table provides a revision of the features important for inclusive systems
engineering. Inclusive systems engineering builds upon three connected pillars,
namely User Guidance, Process Accessibility and Tool Accessibility. These
pillars are interconnected but emphasise different aspects of the extension.
User guidance focuses on the user throughout the process and tools used.
The process accessibility focuses on means to reduce the beginner barrier for
systems engineering in general and the tool accessibility focuses on the features
a systems engineering or MBSE tool should provide in order to be accessible to
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domain experts and beginners. Table provides a brief overview of features
for each pillar while the coming sections provide a discussion of these features
themselves, providing sources and implementation suggestions.

Inclusive Systems Engineering
User Guidance Process Accessibility Tool Accessibility

. Incomplete Models Standard Compatibility

Helpful E Messages . . o :
St Brror Aessages Graphical & Textual Representation | Extendability
Nudging .

- Ontology & Knowledge Base Interactivity
Recommender Systems .
Persuasive Svstoms Desien Tool Independence Code Generation

: yste & Syntax Simplification Version Control System
NLP . . .
Abstraction of unnecessarv Information Linked Documentation Notebook Programming
T eessary ’ Stakeholder Specific Views Integrated Documentation

Table 5.2.: Three pillars of inclusive systems engineering

5.3. User Guidance

Guiding users, especially new ones, through a particular systems engineering
tool or the general process is important to make systems engineering more
approachable. Systems engineering is generally considered to be hard to get
into as shown infd A number of user guidance techniques can be used to make
it easier. Most notably nudging, persuasive system design and recommender
systems are suitable to guide a user throughout the systems engineering pro-
cess when integrated into a tool. The foundation of these methods is discussed
in chapter User Guidance during the modelling process can make use of
nudging, persuasive systems design, recommender systems or automatic code
generation, see [37] for a review of possible guidance techniques. For mod-
elling in particular automatic code generation, building a model from a given
documentation, or using code to create documentation is especially relevant,
however, other techniques are important to include as well. This can guide to-
wards more comprehensive models, removing inconsistencies or facilitate more
documentation.

5.3.1. Nudging

Nudging can be used directly during the systems engineering process to pro-
vide feedback of incomplete requirements, missing specifications or general
common issues. Several different nudge techniques are suitable to be inte-
grated in an systems engineering tool.

As briefly discussed in section [3.2] it is important to consider ethical impli-
cations of nudges. Employing nudging in a systems engineering context and
influencing domain experts and systems engineers can be considered to be un-
ethical due to selfish goals such as increased profit by the companies which
create the systems. However, in general the methods provided in this work
aim towards creating better systems with reduced effort and increased do-
main expert integration. The goal is to achieve a more accessible systems
engineering method which provides benefits to those who will use the finished
products and to reduce stress on those creating these systems. It is important
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to stress that each tool created following inclusive systems engineering has to
be examined on its ethical justification.

Nudge

Nudge Mechanism

Nudge Category

Syntax highlighting

Increased salience
of attributes
Attracting attention

Decision Information

Affected variables highlighting

Increased salience

of attributes
Attracting attention
Mapping of variables

Decision Information

Stakeholder specific views

Customised information
Multiple viewpoints
Explicit mapping

Decision Information

Scenario specific views

Customised information
Multiple viewpoints
Explicit mapping

Decision Information

Linked documentation

Change ease of
Documentation access

Decision Structure

Drag & Drop features

Provide convenience

Decision Structure

Simplified & Advanced Syntax

Simplification

Simplifying active choosing

Decision Information
Decision Structure

Simplified & Advanced Error Messages

Simplification

Simplifying active choosing

Just-in-time support

Decision Information
Decision Structure
Decision Assistance

Direct Feedback

Just-in-time support
Self-control strategies
Consequences of actions

Decision Assistence

Syntax completion

Enhancing active choosing
Simplifying active choosing

Decision Assistence

Al generated code

Enhancing active choosing
Simplifying active choosing

Partition of options

Structure complex choices

Decision Assistence

Recommender System: Additional information

Customized information
Feeling of reciprocity

Decision Information
Social Decision Appeal

Recommender System: Model Reuse

Convenience
Reduced effort

Decision Assistence

FAQ

Situated suggestions

Decision Assistence

Tutorial

Tutorial
Reduced entry barrier

Decision Assistence

Tool suggestion

Anchoring &
Default Option

Social Decision Appeal

?Industry standard” Information

Social reference point
Following the herd

Social Decision Appeal

Table 5.3.: List of possible nudges to be utilized in systems engineering with the
corresponding nudge mechanism and nudge category.

Table gives a short overview of possible nudges and to which nudge
mechanism and category according to Jesse and Jannach [71] they belong.
Following is a brief introduction into the nudges and possible implementation

suggestions.

Syntaz highlighting: Syntax highlighting is a well-known technique in program-
ming to highlight keywords and information on connected syntax to prevent
easy mistakes such as misspelling of variables or keywords by highlighting
them dynamically. Reijers et al. present a theoretical argument on the ben-
efit of syntax highlighting, present a prototypical implementation and report
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on a significant benefit of syntax highlighting for beginners when tasked to
understand a model [106]. Syntax highlighting is commonly implemented in
programming tools and does not require high effort to support.

Affected variables highlighting: A special case of syntax highlighting is the
highlighting of defined variables and of variables affected by running a pro-
gram. When a component is extended some definitions can have an affect
on other components and the variables specified within. Highlighting such
effects improves salience of the decision made, providing increased traceability
of changes and their effects [22].

Stakeholder specific views: Abstracting unnecessary information can create
views suitable for specific stakeholders such as domain experts from a specific
domain. These views improve salience of important information by abstract-
ing the rest.

Scenario specific views: Similar to stakeholder specific views the existence of
scenario specific views provides more information on specific behaviour or cer-
tain specification depth.

Linked documentation: By linking documentation and specifications it is eas-
ier to anticipate effects a change will have and more likely the documentation
will be updated accordingly. This provides additional structure for a decision
to be made.

Drag & Drop features: Drag & Drop features are common in user interfaces,
providing easy and intuitive means to change structure or add new informa-
tion. Collomb and Hascoét [35] introduce methods to adapt Drag & Drop
features towards multi-user environments which can further facilitate real-
time collaboration of stakeholders.

Simplified & advanced syntax: Providing both a simplified syntax and ad-
vanced syntax can lower the entry barrier for beginners. This reduces the
overhead for beginners to learn complex syntax but provides it when the need
for it arises naturally with more experience.

Simplified € advanced error messages: Following a similar logic to the ad-
vanced and simplified syntax the error messages a compiler of a model in
textual representation provides can easily overburden a novice user. A simpli-
fied version can provide easy suggestions whereas the advanced version can be
beneficial for advanced users. This can highlight highly critical warnings and
issues and abstracting less relevant ones for simplification [22].

Direct Feedback: Direct feedback can entail a number of different features,
however, for MBSE specifically the ability to get validate and verify a model
and receive direct feedback has been valued highly by all participant groups
in the study discussed before as illustrated in figure [£.28] Additional feedback
can consist of information highlighting as mentioned before or on where to
find additional information to solve issues. An additional type of feedback is
the setting of reminders to review models or specifications [6].

Syntaz completion: Providing options for auto-completion of syntax is com-
mon practise in programming. It functions both as a tool for increased ef-
ficiency by reducing the amount of time spent on writing and provides a
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reminder of possible options or required specifications. This can be further
enhanced by using Al to suggest following syntax. While over reliance on
such assistance is considered to be a potential issue, both the study by Tak-
erngsaksiri et al. [120] and Valov and Buchalcevova [125] show positive effects
on error reduction, efficiency and cognitive load in beginners and professionals
as well [125].

Al generated code: Al powered tools can be used to either provide a natu-
ral language description of a model to support thorough documentation and
collaboration as well as generate models and programs from a given documen-
tation. Al enhanced syntax completion or providing well structured feedback
tailored to the user offer abundant research opportunities.

Recommender System: additional specifications: Recommender systems can
offer a number of different recommendation, such as to what specifications
have been added in similar models to highlight potentially missing specifica-
tions or requirements by accessing reference models [71].

Recommender System: model reuse: By accessing reference models recom-
mender systems can be used to provide suggestions what models or parts
thereof can be reused in a given project to reduce the need of redundant spec-
ifications. Especially when dealing with a large number of similar models
which differ in only a small number of specifications but require full specifica-
tions nonetheless [71].

FAQ: Providing access to a FAQ can provide hints and suggestions for users
to follow or to solve issues without the need to use more sophisticated tools
such as Al powered suggestions

Tutorial: Providing a meaningful tutorial is especially important for beginners
to familiarize themselves with a given tool as well as the general systems en-
gineering process, whether model-based or document-centric. Providing such
a tutorial can be important for sophisticated and established tools as well in
order to reduce the amount of support needed to be provided by the tool cre-
ator.

Tool suggestion: Suggesting a suitable tool is important when domain specific
languages and tools are available. This can facilitate the use of specialised
tools instead of relying on general solution tools or spending time on finding
sub-optimal solutions in a domain specific tool not intended for the given pur-
pose [15].

“Industry standard” information: Presenting a tool, domain specific language
or methodology as the “Industry standard” provides a social norm which is
likely to be followed by a user. A user will compare themselves to the norm
set by the message and try to follow it to behave socially acceptable [15].

5.3.2. Persuasive Systems Design

To guide users along a process the PSD model provides a clear and struc-
tured model to follow for implementing user guidance techniques. The ability
to elicit more comprehensive documentation has been shown by studies such
as the one done by St-Maurice, Burns and Wolting [89]. This study pro-
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vides empirical evidence for successfully influencing users to provide earlier
data-entry in a clinical environment, which can be tentatively transferred to
a more general ability to influence towards more comprehensive and timely
documentation. In systems engineering this can facilitate the creation of more
comprehensive models to ensure comprehensive requirements and specifica-
tions. The findings from Réisénen, Lehto, and Oinas-Kukkonen [105] discuss
the PSD model in the context of evaluating software design specifications and
provide evidence that the PSD model is suitable to increase the designs level
of detail. This is further evidence that the PSD model can be used in a sys-
tems engineering context to provide more detailed requirements or component
specifications from stakeholders.

5.3.3. Recommender Systems

Recommender systems can use reference material to suggest next steps, provid-
ing a specialized form of nudging. These steps can be additional requirements
which are common in similar systems, the use of available data or compo-
nents from earlier systems and more. These recommendations can quickly
help to produce comprehensive requirements, suggest solutions to the posed
requirements or help during later development processes. By use of both rec-
ommender systems and nudging a user, no matter new to systems engineering
or an expert, can be guided towards comprehensive specifications and imple-
mentation of a new system. This is especially promising when considering
domain experts who can determine the usefulness of recommendations thanks
to their expertise while being guided through the complex systems engineering
process.

5.3.4. Natural Language Processing

Natural language processing (NLP) is a subfield of artificial intelligence. NLP
focuses on understanding, interpreting and generating human language by ma-
chines. It is supposed to bridge the gab between human communication and
machine understanding and employs techniques from linguistics and machine
learning. In the context of systems engineering the ability to process require-
ments and system descriptions from natural language is more important than
the generation of natural language phrases.

To discuss NLP the work of Khurana et al. |78] is used as the foundation.
First, words are reduced to their basic form and filler words are filtered out,
as these do not convey direct information. The words are tagged according to
their position in a sentence and then grouped into phrases which form clauses
or sentences to analyse the syntactic level. This reveals structural dependency
between words. This parsing identifies the phrases that convey more meaning
when interpreted as a phrase instead of the individual words. This analysis
also considers word order, stop and filler words and morphology omitted in
the previous analysis. Afterwards the semantic level is analysed to determine
the proper meaning of a sentence. As machines cannot rely on non-literate
context clues such as inflexion of words or concepts present, multiple possi-
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ble meanings of a sentence are processed by its logical structure to identify
the most relevant words and the interaction among them. This level includes
semantic disambiguation of words with multiple senses [83]. After syntactic
and semantic analysis the level of discourse examines meaning derived from
more than one sentence. It analysis connections among words and sentences
across a document to ensure coherence. This removes possible interpretations
identified during the semantic level to remove interpretations leading to an
incoherent structure. This connects structures such as entities and pronouns
which refer to them and is achieved by a process called co-reference. The
last step of analysis is the integration of knowledge or content which comes
outside of a document. This context can change the interpretation of a text
significantly.

For a systems engineering tool this gives the opportunity to split a given docu-
mentation into tokens which are analysed to extract requirements or features.

5.3.5. Abstraction of unnecessary information

Abstraction of unnecessary information is done to simplify complex systems
by focusing on essential elements and details. This is critical for managing
interdisciplinary complexities and provide stakeholders with the information
important for them without overwhelm them with information unknown and
unnecessary for their work. What can be considered as unnecessary infor-
mation is dependent on the scenario which needs to be represented or the
stakeholders involved. For scenarios on agent behaviour the scenario descrip-
tion language () abstracts agents internal mechanisms and only focuses on the
behaviour of an agent |[69]. For functional level scenarios to cater to textual
language end users and for scenarios for simulation or real-world testing Zhang,
Khastgir and Jennings propse a two level abstraction approach which is able
to be transformed from one scenario to the other by adding or abstracting
information |135]. The requirement, functions, logical and physical (RFLP)
structure decomposes products into abstraction layers to ensure traceability
from high-level requirements through the function and logical level down to
the physical level [65]. In order to handle communication between various do-
mains Zhang et al. propose visualization techniques for components, by using
a domain-specific visualization, and connectivity, using a model connectivity
abstraction method to encapsulate the details [134]. There is no one correct
method for abstraction, rather the appropriate abstraction is dependent on
the purpose.

5.3.6. Error Messages

When a program is run and issues are detected the compiler will generate
an according error message. Usually, these messages are not encountered by
domain experts but systems engineers tasked with implementing the system.
However, with a notebook approach a model can be created by domain experts
and interpreted as a program which can be run. This enables the generation
of error messages to present the user and provide important information what
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error occurred and possibly how to fix this, depending on the provided infor-
mation. Barik et al. have shown that reading error messages is comparable
to reading source code in terms of time spent and difficulty [14]. This is es-
pecially problematic for domain-experts who are not well versed in reading
source code, making complex error messages not a suitable tool to provide
feedback. To be helpful for domain experts and novice users such an error
message needs to be enhanced as many error messages are inadequate [17].
Becker et al. defines enhancement of error messages as an altering of the text
to improve the usefulness for a human reader [18]. A number of guidelines
have emerged which are considered to provide more helpful error messages
when followed. The most applicable of these guidelines in terms of inclusive
systems engineering are:

Reduce cognitive load: Hundhausen, Olivares and Carter [66] provide three
suggestions how to reduce the cognitive load needed to process an error mes-
sage. Placement of information suggests that it is necessary to provide in-
formation needed to complete a task close to the task itself. In a notebook
approach this suggests to add error messages directly to the cell and provide
all important additional information alongside the message. Reduction of re-
dundancy suggests that information should not be processed multiple times.
Therefore, each error type should be presented only once, which can contra-
dict the placement in case of the same error made in multiple cells. Multiple
channels, such as auditory and visual, should be used to present complemen-
tary information. Show solutions or hints: Kummerfield and Kay [81] provide
one example on how showing solutions or giving hints can improve the speed
in which novice users are able to fix issues. A similar approach, fuelled by a
comprehensive knowledge base consisting of similar models can be conceived.
This approach can analyse both the issues leading to the error message and
provide one or multiple suggested solutions similar to existing systems which
the user can choose from in order to fix the issue.

5.4. Process Accessibility

Process accessibility refers to features making the systems engineering and
MBSE process more accessible to domain experts and beginners. These do
not include specific user guidance techniques or tool specific solutions but
focus on the process and should be implemented alongside user guidance and
tool accessibility features.

5.4.1. Tool Independence

Not being constrained by one specific tool provides more flexibility for users to
work across different platforms and environments [111] [57]. This is especially
important in projects that require high collaboration and domain-expert in-
put. Many domains have highly specialized tools making it important to have
a tool independent approach [5]. Being tool independent enhances scaleability
and adaptability, not being constraint by the capabilities of a single tool but
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being able to use the right tool for the right application. For model-based sys-
tems engineering this is especially interesting as tool independence offers the
ability of unconstrained variable management, which enables the modelling of
numerous configurations and dependencies in fewer models [111]. Tool inde-
pendence has been rated highly as seen in figure 4.32

Domain Specific Languages and Tools

Fowler defines a domain specific language (DSL) as: “... a concise, processable

language for describing a specific concern when building a system in a specific
domain. The abstractions and notations used are tailored to the stakeholders
who specify that particular concern |54]. Such a DSL needs to be processable
to be used with a domain specific tool. A DSL is specific for a certain purpose
and not a general purpose language with abstractions relevant to that purpose.
Wile [130] provides empirical evidence for the benefits and risks when designing
DSLs whereas Karsai et al. provide a list of 26 guidelines which should be
followed when designing a DSL [76].

Domain specific tools include:

e Modelica/FMI [98] [21] and MATLAB/Simulink [31] in the electrical
engineering domains to provide simulation for electrical systems. FMI is
used in any domain in need for co-simulating mechanical, electrical and
control subsystems.

e Tools for earbox synthesis tools are used in mechanical engineering [84].

e In automotive systems SysML and AUTOSAR [56] are used to follow
the MBSE approach

e The eclipse modeling framework (EMF) |116] is a non-commercial tool
for model-driven systems engineering.

Executable documentation

Tegeler et al. [121] discuss executable documentation as a continuation of
the trend to align documentation and code. The idea of an executable docu-
mentation is to turn the domain specific languages, tools and documentation
into fully-fledged modelling and programming languages. This results into
purpose-specific languages in which artefacts are modelled and can be created
simply by providing the requirements of the artefact.

5.4.2. Simplified Syntax

Complex syntax can lead to several issues during systems engineering, de-
pending on the context. During requirement analysis complex syntax can lead
to ambiguous requirements, providing insufficient information or information
prone to misinterpretation [91]. Ambiguity in requirements specification and
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documentation, both in case of document-based or model-based systems en-
gineering, can lead to misalignment between stakeholders. Complex syntax
results in a higher cognitive load which reduces productivity. In addition, the
requirement to learn complex syntax can be a hindrance to educate oneself
in a new methodology, such as transitioning from document-based systems
engineering towards model-based systems engineering.

A simplification of syntax, especially for frequently used statements reduces
the cognitive load, making it easier to learn and adopt new systems engi-
neering methodologies while simultaneously facilitating the creation of clear
requirements and the use of modern tools to further improve requirements
specification [95]. Tools such as natural language processing using large lan-
guage models are promising to automatically correct requirements if faults are
detected. However, the training of such models requires significant resources.
Using natural language adjacent statements reduces the cognitive load and re-
duces complexity while keeping an underlying formalism to reduce ambiguity.
Such syntax can be easier understood by domain-experts and lowers the entry
bar while also providing a formal basis for large language models to be trained
with as an intermediate step towards full natural language processing. The
importance of simplified syntax is also highlighted by the study with members
of INCOSE and the OMG as illustrated in figures and

Literate Programming

Knuth introduced the notion of literate programming by stating that better
documentation can come from considering programs as works of literature and
emphasising the importance to not instruct a computer that to do, but to ex-
plaining to a human what the computer is supposed to do [79]. In this work he
introduced the WEB language and claims to need the same time to create a
literate program as a structured program but with more documentation. Lit-
erate programming was considered to be a poor fit for software engineering,
however Mathematica [132] is still a widely used tool, given that math and
other sciences can benefit from the idea to integrate documentation and equa-
tions directly into a program . Pieterse, Kourie and Boake highlight literate
programming essentials in their work [100]. These essentials are:

e Literate quality: The program is supposed to explain a human reader
what it is supposed to do.

e Psychological order: The program is structured with a human reader in
mind, with a logic structure enhancing human understanding which can
be significantly different from a logic structure required by the compiler
[23]. This also differentiates a structured program with comprehensive
documentation from a literate program.

e Integrated Documentation: Documentation is an integral part of the pro-
gram, not an afterthought or list of requirements the program needs to
fulfill. Instead of the program being instructions for a computer with
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some comments for a human reader the program should be an explana-
tion to a human which includes comments for the compiler [131]

e Tuable of contents, index and cross references: An essential part of the
information is the inclusion of a table of contents, an index and cross
references between the related modules. This information enhances user
understanding and conveys the global concept of the program. In mod-
ern literate programs it is assumed that all cross references are hyperlinks
which can be created automatically [100].

e Pretty printing: Pretty printing refers to automatic application of inden-
tation, font syles and text colors and other means to improve readability
and ease of understanding such as syntax highlighting.

o Verisimilitude: The term versimilitude refers to the requirement that
generation of executable code and a human readable literate version of
a program is the same task and requires only one document and should
not need two separate documents [126]. This results in all additional
documents created for understanding need to be always included and
updated during the same time when a program or model is updated.

Literate programming fits the idea of inclusive systems engineering well, em-
phasising the idea of creating systems and documentation at the same time
with an accessible and human readable syntax. By following the principles of
literate programming and providing an intuitive, easy to use syntax the entry
bar for domain experts to participate in systems engineering is lowered. This
is especially true with ever more readily accessible natural language processing
tools.

5.4.3. Knowledge Base

A knowledge base is a structured repository of information which is designed
to store, manage and retrieve knowledge in a machine-readable format. By
storing systems and parts thereof the creation of a knowledge base is enabled.
By referring to such a knowledge base it is possible to enhance communica-
tion between domain-experts and stakeholders. By reusing parts available in
a knowledge base it is possible to create larger, more comprehensive systems
in a shorter amount of time by focusing on the new components and function-
ality of a system instead of spending time to recreate systems that have been
modelled many times before. The use of a knowledge base can also facilitate
user guidance by providing more sophisticated recommendations or provide
documentation for existing systems to enhance understanding of unfamiliar
system components. Depending on the size and complexity of a system one
can choose a suitable knowledge base.

Ontologies provide the formal structure and semantics to organise the infor-
mation in a knowledge base. For large and complex systems, which are the
main focus of MBSE the web ontology language (OWL) is suitable as it is de-
signed for complex ontologies. OWL supports reasoning tasks such as checking
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for class consistency and inferring relationships, which is important to infer
relationships between parts of a model to support user guidance techniques
such as recommender systems and Al powered inferences [60] [129]. More
lightweight alternatives like the resource description framework (RDF) [86]
and its extension RDF Schema (RDF'S) [90] are more simple and can be useful
for lightweight ontologies to provide reasoning on abstracted high-level models
and function as a transition before making use of OWL and its capabilities.

5.4.4. Graphical & Textual Representation

Graphic and Textual representation both have benefits and disadvantages. A
textual representation usually suits systems engineers making it easier and
faster to develop large and complex systems, whereas a graphical notation
enables easier communication and explanation between stakeholders. A clear
graphical representation is intuitively understood, even by people not familiar
with the intricacies of the model. However, creating a graphic representation
of a system is usually slow, requiring the correct choice of graphical notation,
well-arranged use of connections and well thought-out use of spacing, often
being extremely hard to change or extend afterwards. Textual representations
are suitable to create detailed relationships quickly, not being constrained by
space or layout considerations. Textual representations can be easily extended
and reused. However, textual representations are not well suitable for visual-
isation.

The preference of graphical and textual representations is supported by the
data shown in figure [4.29

Textual Representation

A textual representation uses formal language or textual syntax to describe a
system in detail. A textual representation offers very precise definitions, mak-
ing it very suitable for complex and very large systems. Text-based models
can take advantage of version control systems and easily be shared, facilitating
efficient collaboration and conflict resolution.

However, textual representations have a steeper learning curve and require
domain-specific knowledge and technical expertise to interpret effectively. Graph-
ical representations offer higher accessibility to non-specialists compared to
textual formats.

Graphical Representation

A graphical representation uses visual elements such as diagrams, graphs or
flowcharts to depict the relationships, processes and structures of a system.
A graphical representation offers intuitive understanding of systems and are
easy to interpret for users without technical expertise. They simplify the com-
plex relationships by providing easy to understand visual representations. By
providing a shared visual language graphical models are easy to share among
stakeholders with different domain expertise.

74



5.4. Process Accessibility

Graphical representations of models are hard to scale for large or complex sys-
tems. The representation can become cluttered and hard to manage easily. In
order to prevent cluttered models intricate details can be omitted, making the
model less detailed in the process which can abstract important information
unintentionally.

Blended approaches

An inclusive model-based systems engineering tool preferably enables both
the use of graphic and textual representations. Offering the generation of a
textual representation given a graphical representation and vice versa is ben-
eficial, giving engineers the possibility to understand or explain a given model
with the graphical representation, while extending a model using the textual
representation.

As shown in figures as well as figure a graphical represen-
tation is preferred for visualisation purposes, whereas for creation a textual
representation is preferred. This shows the importance of a blended approach,
where a model can be represented depending on the purpose. KerML and
SysML v2 provide means for both graphical and textual representation of a
model. This enables tools to be created that can convert one representation
into the other.

5.4.5. Incomplete Models

The complexity of large models makes it hard to correctly build a large model
from scratch [85]. However, missing parts of a model will usually result in syn-
tax errors in a textual representation. This makes incomplete models, given
with in textual representations, unsuitable to use in some cases. An inclusive
model-based systems engineering tool needs to support the use of incomplete
models by abstracting undefined parts of a model. For modeling purposes un-
defined relationships or missing objects can be represented by substitutions.
Such substitutions can be refined and changed at a later stage, but reduce the
need for fully defined systems in the beginning.

The use of incomplete models has a number of benefits, the most prominent
being able to both work from a top-down, as well as a bottom-up, perspective,
being able to focus on the important parts of the intended scale. Additionally
this enables an agile engineering process wherein different groups can focus on
smaller parts of a large model, not needing the whole model to exist already
and connecting the different parts in a later overarching stage. Incomplete
models enable easier fixing, working on specific problems or omitting parts to
be completed and extended at a later time. This results in models being easier
to reiterate upon through the development process, even if major changes are
required. So far in MBSE the use of incomplete models is only possible with
graphical representations. The support of incomplete textual models can sup-
port interactivity, as well as, the validity of models to use as roadmaps, making
it possible to test possibilities depending on possible future products, without
reducing the current use. Additionally, incomplete models enable methods for
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consistency checking or constraint checking for parts of a model, reducing the
risk of inconsistent models by testing smaller parts. Additionally, this sup-
ports easier cooperation, being able to model parts and extend them easily in
the textual representation to merge them at a later point in time.

In MBSE incomplete models play a significant role by enabling iterative refine-
ment, early validation of parts and efficient collaboration. Incomplete models
can use the so-called 3-valued scoped partial modeling to approximate system
behaviour and constraints proposed by Marussy et al. [87]. In this approach
predicate and counter abstraction is combined to evaluate well-formedness
rules and multiplicity requirements on the partial models. This allows for
identification of design flaws early in the process.

The use and support of incomplete models enables early-stage models to focus
on high-level architecture and requirements. These models are intentionally
incomplete to be refined later during the development and provide easy to
communicate high-level architecture for stakeholders.

5.4.6. Stakeholder Specific Views

Providing the option to render different views of a model is important for using
a model as a communication tool depending on the audience [112]. A coarse
model offers a good grasp for stakeholders, being a useful tool in the early de-
sign process or updating different teams, whereas comprehensive and detailed
models are more useful for in-team discussions between domain experts, who
have no use for a large-scale view. Such views can also abstract unnecessary
information when extending a model in a certain direction, giving access to
basic functionality without overwhelming the engineer. The identification of
different stakeholders and what kind of information is most suitable for them
to create views accordingly is highly dependent on the individuals. Thus a
flexible method to configure an abstraction level directly would be preferable
over a set definition of views and the abstractions used.

User specific views are especially important for systems engineers which value
stakeholder collaboration and the ability to present system specifications as
shown in figure [4.33

The notion of views explored in the UML toolkit by Erikson [48] specifies a
use-case view, a logical view, an implementation view, process view and devel-
opment view. These view concepts can be extended towards views depending
on the user, such as organisational views providing information important to
specific stakeholders. Which information is important for stakeholders highly
depend on their role. These viewpoints have been reviewed by works from
Darke and Shanks [43] and Brugha and Varvasovszky [25].

5.5. Tool Accesibility

The tool accessibility features focus on providing mechanism to make systems
engineering tools more approachable. User guidance techniques can and should
be used to make tools more accessible, however these techniques are discussed
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in their own section. The features discussed in this section are specific to tools
and can exclusive to one another depending on the tool or process specifica-
tions. Such examples include different means of version control or providing
extendability which can be in conflict with the use of a hyper specific DSL.

5.5.1. Integrated Documentation

The benefits of comprehensive documentation have been shown multiple times.
However, documentation is often done insufficient, especially neglecting changes
of a system and it’s requirements over time [53] |[L01]. Documentation is tradi-
tionally done in it’s own separate documents stemming from document-based
systems engineering, which requires additional effort to link these documents
and to keep them up to date. This is especially true with systems becoming
more complex and interconnected.

One way to solve this issue is to integrate the documentation directly into
the system specification. This is possible when using tools which allow for
specification and documentation to be done in the same document, for exam-
ple by using markdown language which can identify specification sections and
documentation sections in one file.

MBSE provides integrated documentation by providing a central model from
which additional documentation is created. By utilising AI techniques such
as machine learning and large language models documentation can be created
automatically. This approach follows the approach discussed in with
the alteration of creating documentation and natural language instead of code
from the processed specifications.

Such integrated documentation facilitates the communication of system parts
to stakeholders both easily readable as documentation and formal syntax. In
addition, this integrated documentation can be used to fuel recommender sys-
tems or Al tools to provide automatic creation of system specification from
informal documentation in one document. A linked or integrated documenta-
tion was rated as highly important by the survey discussed in the conducted
survey as illustrated in figure [4.30

5.5.2. Notebook programming

One option to integrate documentation and code, such as textual model rep-
resentations and system features, is the use of notebook programming. A
notebook is a sequence of cells. Each cell has a type which is either mark-
down for documentation or code. Cells which include markdown text can be
rendered by the notebook while code sections are run and produce an output.
Typically, notebooks are a linear sequence of cells, however other options such
as a spreadsheet-style do exist |[114]. Notebooks become ever more popular,
shown by the exponential growth of notebook files stored in the GitHub cen-
tralized repository [97]. Kery et al. [77] argues for future notebook program-
ming to include diverse GUI capabilities, such as drag and drop functionalities
between cells and the inclusion of editable spreadsheets and other GUI fea-
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tures.

In its current version SysMD includes a notebook which provides the func-
tionality to interpret markdown, SysMD and SysML v2 code. This tool is
currently exploring the implementation of such features.

5.5.3. Version Management

Providing a version management system, also known as version control system,
is important to facilitate an iterative approach and to enhance collaboration
between stakeholders. Version control offers a number of benefits such as:

e Working parallel, from a shared starting point, on distinct parts of a
system to be integrated to be connected at a later point in time.

e Enhanced traceability of changes and their impact on a system, for ex-
ample by simulation of different versions.

e Enable working on distinct configurations of a system without impacting
other stakeholders.

e Enable to use of incomplete models to be communicated between stake-
holders.

Version management has been consistently rated as very important as shown
in figure [4.30

Version control systems are usually either a centralized version control system,
such as concurrent version system (CVS) [29] or Subversion (SVN) [34] or a
distributed version control system, such as Git [30] or Mercurial [93].

centralized version control system

A central version control system stores all versions of files in a single, central
repository. A developer can check out the files from the central server before
making changes and committing them back. This is simple to set up and man-
age and provides a clear history of the changes made to a file. However, such
a system offers only limited offline capabilities and is vulnerable to a server
failure. For a comparison between CVS and SVN I refer to the comparison
provided by Abukari [2].

decentralized version control system

In a decentralized version control system each developer has a complete copy
of the repository, including all files and its history. Changes are made locally
and committed locally to be pushed to a shared repository at a later point in
time. This offers high redundancy, supports offline work and facilitates fast
operations for local tasks or many local iterations of a file before committing
it to the central repository. However, the workflows of a decentralized version
control system are more complex, especially if multiple instances of a file are
created from users in parallel. Such files need to be merged and issues in
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merging can be highly complex to solve, usually outside. the capabilities of
the average user.

For distributed systems engineering where specification changes come from
multiple sources and have to be communicated frequently a decentralized ver-
sion control system is preferred to provide offline capabilities. In addition
this offers the option for companies to use existing version control systems
internally and coordinate with a decentralized system.

5.5.4. Extendability

Extendability facilitates domain-expert collaboration by providing a basic so-
lution which can be expanded differently depending on different domains. This
provides a common basis among stakeholders to improve communication and
ensure compatibility between different domain specific solutions. One such ba-
sic solution is KerML as described in[2.3.4) which provides a basis for languages
such as SysML v2 and is designed to be extended upon to provide different
domain specific solutions which are all compatible thanks to the common ba-
sis of KerML. This provides more flexibility and supports tool independence

described in (.41

5.5.5. Code Generation

Code generation refers to the general process of automatically creating pro-
gram code from specifications, inputs or models. This improves efficiency by
reducing manual coding efforts and enables developers to focus on higher-level
problem-solving. With current systems engineering being mostly based on the
graphical representations done in SysML code generation has been used for
the implementation phases of systems. With the introduction of SysML v2
and its textual representation it is possible to generate models automatically
from specifications, design and requirements.

The ability to use SysML diagrams to generate corresponding software has
been shown by Jamro by creating code for Program Organisation Units from
the given diagrams [70]. The feature of automatic model generation from
informal description was not valued important according to figure How-
ever, with the fast improving abilities of Al the integration is worthwhile, as
shown by studies such as the one from Crabb and Jones [36].

GUI processing

Various machine learning techniques have been used to generate code from
GUI images [115] without a clear indication which techniques are the most
well suited for the task. Asgiroglu et al. [11] present a technique allowing for
the creation of HTML code from hand-drawn mock-up images with a high
accuracy. Techniques like these can be used to convert SysML diagrams from
various sources into textual representations of the given graphical model. This
enables the transition from SysML to SysML v2 even for systems in which
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SysML diagrams are only existing in formats not directly supported by future
SysML v2 tools.

Generative Al using Large Language Models

The advances made in large language models (LLM) and generative Al provide
easily accessible means for code generation, using existent systems as a ba-
sis to provide system specifications from informal description. By using code
generation techniques the documentation can be used to create system speci-
fication, such as models with minimal effort. These models can be expanded
upon and verified quickly, without the need to repeatedly creating similar sys-
tem specification over and over. The existence of a comprehensive knowledge
base can be used for training purposes. However, without such an knowledge
base LLMs can already be used beneficially. Crabb and Jones [36] have shown
that LLMs can be used to create high-level models and, more importantly
in the context of inclusive systems engineering, answer detailed questions on
domain-specific topics. Bader, Vereno and Neureiter [12] highlight the ability
of AI to improve user-centric MBSE by providing means to overcome begin-
ner hurdles and assist in standardizing the use of modeling languages. Pontes
Miranda et al. [102] focus on the use of Al capabilities to overcome the use of
different modelling languages for various system’s aspects by connecting them
through views with abstracted information and supporting engineers to create
these model views with the help of Al

5.5.6. Interactivity

Interactive use has a multitude of benefits [109]. Feedback is an important
tool to make sure work is done correctly, efficiently and early feedback reduces
frustration, as less work has to be redone in case of problems.

Interaction with the user can have many different forms, for example providing
real-time feedback to enable iterative refinement, such as providing feedback
of a model by analysing consistency. This improves the modelling process,
being able to identify inconsistencies or necessary refinements. Allowing users
to modify parameters or create custom configurations of a tool is a common
type of interactivity as well. The use of user guidance techniques such as
recommender systems, comprehensive error messages and others as discussed
in also provide various forms of interactivity. The use of interactive tools
has been shown to provide a multitude of benefits, ranging from feedback to
suggested next steps in the process [109].

5.5.7. Standard Compatibility

Being compatible with a standard is important to reduce the number of in-
compatible tools. The goal of ISE is to be accessible for domain experts, being
incompatible with existing standards or focusing on single domains would con-
tradict this purpose.

Being compatible with a widespread standard improves systems engineering
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accessibility and offers access to the vast resources, tools and features pro-
vided for the standard. Furthermore, standard compatible systems can easily
be communicated and adapted to domain specific purposes. Being compatible
with an existing standard provides a number of benefits:

e Access to a vast amount of resources, both for developers as well as users.
e Increased compatibility with other tools.

e Extensions to the standard can easier be implemented to provide addi-
tional features.

e New features provided can be distinguished, making the contribution
more clear.

SysMLv2 is being standardized by the OMG group, based on their KerML
design. KerML is designed with the professed goal of providing a basis to be
extended upon with new features and tools.
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Conclusions

The issue of ever more complex systems which require ever more domain-
expert input is a pressing matter in systems engineering. One option to fa-
cilitate domain-expert input and comprehensive requirement analysis is to
simplify the systems engineering process, to facilitate communication between
systems engineers and domain experts, by mitigating misunderstandings based
on unfamiliarity with the process. To identify important issues and requested
features in systems engineering from future domain experts a survey was con-
ducted with students from the RPTU Kaiserslautern with little to no prior
systems engineering experience. This study identified the need to simplify
systems engineering syntax, especially considering model-based systems engi-
neering. This was achieved by presenting an early version of SysMD which
provided simplified syntax, close to natural language, as an alternative to the
SysML v2 syntax for very common definitions and relationships. This survey
identifies the preference for the simplified, natural language adjacent, syntax
of SysMD and a preference for graphical representation to understand a given
model and a textual representation to create new models in.

A second survey collected feedback from people interested in systems engi-
neering or actively working in this domain by sharing the study with OMG
and INCOSE members. This survey did not consider language specifics from
SysML, SysML v2 or SysMD but rather focused on general issues and re-
quested features. This survey identified four groups of participants, those
with professional level systems engineering expertise, an intermediate level,
beginner level and no experience at all. The data from this survey indicates
the importance of issues on average, as well as for the distinct subgroups. Is-
sues such as simplification of syntax and providing supporting features such
as version management and a documentation directly linked with the system
model were considered important for all participants, whereas issues on model
verification and validation and the ability to compute expressions was consid-
ered to be more important by professional systems engineers than. Overall,
systems engineering is considered to be hard to get into, providing indicative
evidence for a need of simplification.

The method of surveys has been chosen due to its asynchronous nature, pro-
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Chapter 6: Conclusions

viding a means to gather participants over a period of time without the need
to spend resources on conducting interviews or overseeing systems engineers
or domain experts in their usual work environment. This makes the studies
prone to sampling biases which is discussed as limitations to the studies.
From the insights gathered in the surveys and by reviewing studies from the
literature the concept of inclusive systems engineering has been developed.
Inclusive systems engineering is defined as an extension systems engineering
with the focus on increased accessibility to facilitate domain expert integra-
tion. User guidance has been proven to increase motivation and reduce adverse
affects on adopting new technology or changing behaviour. In order to iden-
tify features to achieve a simplification and lowering the entry bar for domain
experts and new systems engineers alike this thesis explores user guidance
techniques and gives an introduction into human decision making.

Inclusive systems engineering is based on including features enhancing tool
accessibility, accessibility of the process as well as user guidance techniques.
For each of these categories features and their provided advantages have been
discussed. Additionally, it highlights the need to not only improve the capa-
bilities of new tools and languages but also keep in mind the users and their
needs.

6.1. Future Works

The studies only provide tentative evidence for the importance of issues and
requested features being prone to sampling bias and the under representation
of experts from domains such as medical, defense or aerospace.

A more comprehensive survey combined with interviews conducted with do-
main experts from multiple domains can provide more robust insight on the
current state of systems engineering and domain expert integration.

The implementation of inclusive systems engineering features in an existing
tool can provide an example implementation to be reviewed and tested in or-
der to identify how the proposed features can be integrated and how effective
these features are in lowering the entry bar for beginners. To test this an
example implementation can be integrated into a systems engineering lecture
for students to evaluate the tool and identify benefits and challenges.

With the expansion of systems engineering into ever more domains it is im-
portant to evaluate the inclusive systems engineering approach for different
domains. Especially the ability to provide textual, as well as graphical repre-
sentations of a model needs further research. A tools able to switch from one
representation to the other with minimal effort to support visualisation and
creation would be ideal to test if the preference reported in the surveys is only
reported.

Further research on the mismatch between perceived stakeholder collaboration
and missing domain-expert input importance is needed. One reason for this
mismatch could be the high integration of stakeholders who are not domain
experts and a low integration of domain experts. Further investigation on this
mismatch by guided interviews can identify the cause of this effect.
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6.1. Future Works

The development of SysMD realises some of the proposed features for inclu-
sive MBSE, however with the ongoing development it has not yet been able
to implement all proposed features and to use SysMD as a means to evaluate
inclusive systems engineering as a whole. Both SysMD and SysML v2 devel-
opment need to be examined for their support of inclusive systems engineering
and the effect this has on MBSE adoption.
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Appendix

A

Student Survey Data

Do you have System
Modeling Yes, which language did
ID | Timestamp experience? Yes, How much? (in years) you use? Other
1|2022/07/18 2:12:24 pm EET No
2(2022/07/18 2:14:40 pm EET No
3|2022/07/18 2:15:01 pm EET No
4)2022/07/18 2:27:01 pm EET No
5|2022/07/18 2:33:03 pm EET No
6|2022/07/18 2:34:58 pm EET No
7[2022/07/18 2:35:31 pm EET No
8(2022/07/18 2:37:20 pm EET No
912022/07/18 2:39:31 pm EET No
10| 2022/07/18 2:40:05 pm EET No
11| 2022/07/18 2:57:37 pm EET Yes 2 | Other PN
12| 2022/07/18 2:59:36 pm EET No
13 |2022/07/18 3:02:28 pm EET No
14 |2022/07/18 3:11:43 pm EET No
15| 2022/07/18 3:14:24 pm EET No
16| 2022/07/18 4:13:02 pm EET No
17| 2022/07/18 5:13:10 pm EET No
18| 2022/07/18 6:37:57 pm EET No
19|2022/07/18 9:11:54 pm EET No
20|2022/07/18 9:32:31 pm EET No
21|2022/07/19 1:34:10 am EET No
22| 2022/07/19 9:04:14 am EET Yes 2| UML
23| 2022/07/19 11:52:03 am EET No
24| 2022/07/19 3:47:46 pm EET No
252022/07/19 5:34:06 pm EET No
26|2022/07/19 5:51:49 pm EET Yes 2| UML
27|2022/07/20 2:25:13 pm EET No
28| 2022/07/21 9:33:16 am EET No
29| 2022/07/21 11:55:53 am EET Yes 0.8 SysML
30 2022/07/22 5:12:09 pm EET Yes 1| SysML UmML

Figure A.l.: Unrefined data from the student survey 1
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Appendix A: Student Survey Data

Would you prefer a textual or | Would you prefer a textual | Would you prefer a textual
graphical representation of a | or graphical representation | or graphical representation
model in order to understand | of a model in order to of a model in order to create
ID | it yourself? explain it to others? a model?
1| Graphical representation Graphical representation Both
2 | Graphical representation Both Textual representation
3 | Both Both Both
4 | Both Both Textual representation
5 | Both Both Graphical representation
6 | Graphical representation Both Textual representation
7 | Both Graphical representation Both
8 | Graphical representation Graphical representation Graphical representation
9 | Graphical representation Both Both
10| Both Graphical representation Graphical representation
11| Both Graphical representation Both
12 | Both Both Both
13 | Both Textual representation Graphical representation
14 | Both Graphical representation Graphical representation
15 | Both Both Both
16 | Both Graphical representation Textual representation
17| Both Graphical representation Textual representation
18 | Graphical representation Graphical representation Graphical representation
19 | Both Graphical representation Both
20| Both Both Both
21 | Graphical representation Both Both
22 | Both Graphical representation Textual representation
23 | Both Both Both
24 | Both Graphical representation Graphical representation
25 | Both Both Graphical representation
26 | Graphical representation Graphical representation Graphical representation
27 | Textual representation Textual representation Textual representation
28 | Graphical representation Graphical representation Graphical representation
29 | Both Graphical representation Both
30| Both Graphical representation Both

Figure A.2.: Unrefined data from the student survey 2
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Appendix A: Student Survey Data

A description can easily be

ID | SysMD is Intuitive SysMD is easy to write SysMD is easy to read modeled in SysMD
1| Agree Agree Agree Agree
2| Agree Disagree Neither agree nor disagree Disagree
3 | Neither agree nor disagree Disagree Neither agree nor disagree Neither agree nor disagree
4| Agree Disagree Agree Can't say
5| Agree Can't say Strongly agree Can't say
6 | Agree Disagree Agree Neither agree nor disagree
7 | Agree Strongly agree Agree Neither agree nor disagree
8 | Agree Agree Neither agree nor disagree Neither agree nor disagree
9 | Agree Agree Agree Neither agree nor disagree

10 | Disagree Disagree Agree Neither agree nor disagree

11| Can't say Can't say Can't say Can't say

12 | Agree Agree Agree Can't say

13 | Neither agree nor disagree Can't say Neither agree nor disagree Can’t say

14 | Disagree Agree Agree Disagree

15| Can't say Can't say Can't say Can't say

16 | Agree Neither agree nor disagree Agree Strongly agree

17| Agree Disagree Agree Disagree

18 | Neither agree nor disagree Strongly agree Strongly agree Agree

19 | Disagree Strongly agree Agree Can’'t say

20 | Disagree Disagree Disagree Disagree

21| Strongly disagree Can't say Disagree Can't say

22 | Disagree Disagree Disagree Disagree

23 | Disagree Neither agree nor disagree Neither agree nor disagree Strongly disagree

24 | Disagree Can't say Disagree Can't say

25| Agree Disagree Agree Agree

26 | Disagree Neither agree nor disagree Agree Disagree

27 | Agree Disagree Agree Agree

28 | Neither agree nor disagree Agree Agree Agree

29 | Strongly agree Strongly agree Strongly agree Agree

30| Agree Agree Agree Can’t say

Figure A.3.: Unrefined data from the student survey 3
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Appendix A: Student Survey Data

The statements used in
SysMD are clear to

I'm able to understand a SysmD

| would be able to explain a
SysMD model to someone

ID | understand model else
1| Agree Agree Agree
2 | Agree Can't say can't say
3| Agree Neither agree nor disagree Disagree
4 | Disagree Disagree Disagree
5| Agree Agree Strongly disagree
6| Agree Agree Neither agree nor disagree
7 | Disagree Disagree Disagree
8| Agree Agree Agree
9 [ Strongly agree Strongly agree Strongly agree
10| Agree Neither agree nor disagree Disagree
11 | Neither agree nor disagree Neither agree nor disagree Disagree
12 | Neither agree nor disagree Neither agree nor disagree Disagree
13 | Agree Disagree Neither agree nor disagree
14 | Agree Neither agree nor disagree Disagree
15| Can't say Can't say can't say
16 | Strongly agree Strongly agree Agree
17| Agree Neither agree nor disagree Strongly disagree
18| Agree Agree Agree
19| Can't say Strongly disagree Strongly disagree
20 | Disagree Disagree Disagree
21| Disagree Strongly disagree Strongly disagree
22 | Disagree Disagree Strongly disagree
23 | Disagree Strongly disagree Strongly disagree
24 | Disagree Strongly disagree Strongly disagree
25 | Disagree Neither agree nor disagree Disagree
26| Agree Agree Agree
27 | Agree Agree Neither agree nor disagree
28| Agree Strongly agree Strongly agree
29 | Strongly agree Strongly agree Agree
30 | Strongly agree Strongly agree Agree

Figure A.4.: Unrefined data from the student survey 4

102




Appendix A: Student Survey Data

Which of the three models do

Which of the three models is the

Which model would you use
to explain it to someone

ID | you think is the most intuitive | easiest to understand else?
1| SysmMD SysMD SysMD
2| SysML SysML SyshML
3| Can't say SysML SysML
4| SysML SysML SyshL
5 | SysMD SysMD SysMD
6| SysML SysMD SysMD
7 | SysMD SysMD SysMD
8| SysMLv2 SysMLv2 SysML
9 | SysMD SysMD SysMD
10 | SysMD SysMD SysMD
11| SysMD SysMD SysML
12 | SysML SysML SysML
13| SysML SysML SysML
14| SysML SysML SysML
15 | SysML SysML SyshL
16 | SysMD SysMD SysMD
17 | SysMD SysMD SysMD
18 | Can't say SysML SysML
19 | SysMD SysMD SyshL
20| SysMLv2 SysMD SyshMLv2
21| SysML SysMD SysMD
22 | SysMD SysMD SysMD
23| SysML SysML SyshML
24 | SysML SysML SysML
25 | SysML SysMD SysML
26 | SysML SysML SysML
27 | SysMLv2 SysMLv2 SysMLv2
28 | SysML SysML SysML
29| SysMD SysMD SysML
30| SysML SysMD SysML

Figure A.5.: Unrefined data from the student survey 5
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Appendix A: Student Survey Data

In which modeling language | Which of the three models is the
would you most likely create | maost clear in its use of keywords | Are you a student from the

ID | a new model? and relations? TU Kaiserslautern? What do you study?

1| SysmMD SysMD Yes Informatik

2| SysML SysML Yes Fahrzeugtechnik

3 | SysMLv2 SysML Yes Cognitive Science

4 | SysML SysMLv2 Yes Sozioinformatik

5| SysMD SysMD Yes Informatik

6 SysML SysMD Yes Computer Science

7| SysMD SysMD Yes Master in computer science

8 | SysMLv2 SysMLv2 Yes Computer Science(B.Sc.)

9 | SysMD SysMD Yes Masters in Computer Science
10 | SysMD SysMD Yes Informatik
11| SysMD SysMD Yes EIT/AUT
12 | SysML SysML Yes Computer Science
13 | SysmD SysML Yes Mathematics
14 | SysML SysML Yes Informatik
15| SysML SysML Yes Commercial vehicle technology
16 | SysMD SysMD Yes Electrical Engineering Bachelor
17 | SysMD SysMD Yes chemistry
18 | SysML SysML Yes Cognitive Science
19 | SysML Can't say Yes Mathematics
20 | SysMLv2 SysMLv2 Yes Masters in Computer Science
21| SysML SysMLv2 Yes Computer Science
22 | SysMD SysMD Yes Mathematics
23 | SysMLv2 SysMLv2 Yes Mathematik
24 | SysML SysML Yes physics
25 | SysMmD SysMD Yes Chemistry
26| SysML SysML Yes Computer Science
27 | SysMLv2 SysMLv2 Yes Embedded systems
28| SysML SysMD Yes Informatik
29 | Can't say Can't say Yes Commercial Vehicle Technology
30 | SysML SysML Yes Maschinenbau

Figure A.6.: Unrefined data from the student

survey 6
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Appendix

B

INCOSE Survey Data

How would you rate systems
ID | engineering in regards to being Late change requests Low stakeholder participation Difficulty with modelling language
approachable to non-experts?
1 1| Very important Very important Neither important nor unimportant
2 1| Unimportant Very important Very unimportant
3 2 [ Very important Unimportant Unimportant
4 1| Can't say Can't say Can't say
5 2 [ Neither important nor unimportant | Important Important
[ 3| Can't say Can't say Can't say
7 3| Neither important nor unimportant | Important Neither important nor unimportant
8 2 [ Very important Important Unimportant
9 2 | Important Neither important nor unimportant | Very important
10 2| Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant
11 2| Important Can't say Very important
12 4 | Neither important nor unimportant | Neither important nor unimportant | Important
13 2| Important Neither important nor unimportant | Important
14 1| Very important Very unimportant Very important
15 2| Neither important nor unimportant | Unimportant Important
16 2 | Important Important Very important
17 4 | Important Neither important nor unimportant | Can't say
18 2 | Neither important nor unimportant | Very important Very important
19 2| Very important Very important Very important
20 2 [ Very important Important Very important
P2l 3 [ Important Very important Important
22 3| Very important Very important Important
23 3 [ Unimportant Unimportant Very unimportant
24 3 [ Important Very important Important
25 2 | Important Important Neither important nor unimportant
26 2 [ Important Very unimportant Important
27 4 | Very important Important Important
28 3 [ Important Very important Very important
29 2 [ Very important Neither important nor unimportant | Neither important nor unimportant

Figure B.1.: Unrefined data from the INCOSE survey 1
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Appendix B: INCOSE Survey Data

Unintuitive semantics of modelling

Misunderstanding between

E Janquage Outdated documentation stakeholders Difficulty with modelling language
1 | Important Important Very important Neither important nor unimportant
2 | Important Very important Very unimportant Very unimportant
3 | Very important Unimportant Important Unimportant
4 | Can't say Can't say Can't say Can't say
5 | Neither important nor unimportant | Very important Neither important nor unimportant | Important
6 | Can't say Can't say Can't say Can't say
7 | Unimportant Unimportant Very important Neither important nor unimportant
8 | Unimportant Important Very important Unimportant
9 | Very important Very important Neither important nor unimportant | Very important

40 | Neither important nor unimportant | Important Important Neither important nor unimportant
11 | Very important Very important Important Very important

42 | Very important Very important Important Important

13 | Very important Important Neither important nor unimportant | Important

14 | Very important

Very important

Very important

Very important

15 | Very important

Neither important nor unimportant

Neither important nor unimportant

Important

16 | Very important Very important Important Very important
17 | Can't say Unimportant Neither important nor unimportant | Can't say
18 | Important Neither important nor unimportant | Important Very important

19 | Very important

Very important

Very important

Very important

20 | Important Very important Very important Very important

21 | Important Important Very important Important

22 | Important Important Important Important

23 | Very unimportant Neither important nor unimportant | Neither important nor unimportant | Very unimportant

24 | Neither important nor unimportant | Important Important Important

25 | Neither important nor unimportant | Important Important Neither important nor unimportant
26 | Neither important nor unimportant | Very important Important Important

27 | Important Very important Very important Important

28 | Very important

Neither important nor unimportant

Very important

Very important

29 | Neither important nor unimportant

Very important

Very important

Neither important nor unimportant

Figure B.2.: Unrefined data from the INCOSE survey 2

Incomplete or ambiguous

ID | Missing domain-expert input requirements Missing tool integration Outdated/Inconsistent models
1 | Neither impertant nor unimportant | Important Very important Can't say
2 | Unimportant Important Important Unimportant
3 | Very important Very important Neither important nor unimportant | Important
4 | Can't say Important Can't say Important
5 | Important Neither important nor unimportant | Important Neither important nor unimportant
6 | Can't say Can't say Can't say Can't say
7 | Important Important Unimportant Neither important nor unimportant
8 | Important Very important Unimportant Can't say
9 | Important Very important Unimportant Neither important nor unimportant
10 | Neither important nor unimportant | Important Neither important nor unimportant | Important
41 | Important Very important Important Important
42 | Important Important Unimportant Neither important nor unimportant
43 | Neither important nor unimportant | Important Important Important
14 | Important Important Important Important
15 | Important Important Important Neither important nor unimportant

46 | Neither important nor unimportant

Neither important nor unimportant

Neither important nor unimportant

Very important

17 | Neither important nor unimportant

Important

Important

Important

18 | Important

Very important

Important

Neither important nor unimportant

19 | Very important

Very important

Very important

Very important

20 | Very important

Very important

Very important

Very important

21 | Very important

Very important

Very important

Very important

22 | Very important

Very important

Neither important nor unimportant

Important

23 | Important Important Neither important nor unimportant | Very unimportant

24 | Very important Important Neither important nor unimportant | Important

25 | Important Very important Important Neither important nor unimportant
26 | Important Very important Very important Very important

27 | Very important Very important Very important Very important

28 | Important Important Very important Neither important nor unimportant
29 | Important Very important Important Very important

Figure B.3.: Unrefined data from the INCOSE survey 3
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Appendix B: INCOSE Survey Data

ID | Model validation Model verification Missing knowledge basis Misinterpretation of models
1| Can't say Can't say Important Can't say
2 | Very important Unimportant Important Very unimportant
3 | Important Important Important Very important
4 | Very important Very important Neither important nor unimportant | Very important
5 | Very important Very important Neither important nor unimportant | Neither important nor unimportant
6| Can't say Can't say Can't say Can't say
7 | Unimportant Unimportant Very unimportant Important
g | Can't say Can't say Can't say Can't say
9 [ Unimportant Unimportant Very unimportant Important
10 | Very important Very important Very important Important
11 | Important Important Can't say Can't say
12 | Important Very important Neither important nor unimportant | Important
13 | Very important Very important Important Important
14 | Very important Very important Important Very important
15 | Very important Very important Important Important
16 | Important Important Neither important nor unimportant | Unimportant
17 | Important Important Important Important
18 | Important Important Important Important
1g | Very important Very important Very important Very important
20 | Very important Very important Very important Very important
21 | Very important Very important Very important Very important
22 | Important Important Neither important nor unimportant | Very important
23 | Very unimportant Very unimportant Important Very unimportant
24 | Important Important Important Important
25 | Neither important nor unimportant | Neither impertant nor unimportant | Very important Important
26 | Very important Very important Important Important
27 | Very important Very important Very important Very important
28 | Very important Very important Important Very important
29 | Very important Very important Neither important nor unimportant | Important
Figure B.4.: Unrefined data from the INCOSE survey 4
ID | Missing reference material Informal models E:::é?:te:dlaﬁii‘r’\z;r:‘gnr:m::‘ce) Shared knowledge basis
1| Can't say Can't say Important Important
2 | Important Unimportant Important Important
3 | Unimportant Neither important nor unimportant | Important Important
4 | Important Can't say Important Can't say
5 | Neither important nor unimportant | Neither important nor unimportant | Very important Neither important nor unimportant
@ | Can't say Can't say Can't say Can't say
7 | Unimportant Unimportant Neither important nor unimportant | Neither important nor unimportant
g [ Can't say Can't say Can't say Important
g | Very unimportant Unimportant Important Very unimportant
10 | Can't say Can't say Neither important nor unimportant | Neither important nor unimportant
11 | Neither important nor unimportant | Can't say Very important Important
12 | Neither important nor unimportant | Can't say Can't say Neither important nor unimportant
13 | Neither important nor unimportant | Neither important nor unimportant | Very important Important
14 | Very important Important Very important Very important
15 | Important Neither important nor unimportant | Important Neither important nor unimportant
16 | Neither important nor unimportant | Unimportant Very important Neither important nor unimportant
17 | Important Important Important Important
18 | Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant
1g | Very important Very important Very important Important
20 | Very important Very important Very important Important
21 | Important Important Very important Very important
22 | Neither important nor unimportant | Important Very important Neither important nor unimportant
23 | Important Very unimportant Can't say Can't say
24 | Neither important nor unimportant | Neither important nor unimportant | Important Important
25 | Neither important nor unimportant | Important Important Neither important nor unimportant
26 | Important Neither important nor unimportant | Very important Very important
27 | Important Important Very important Very important
28 | Neither important nor unimportant | Unimportant Neither important nor unimportant | Important
29 | Neither important nor unimportant | Neither important nor unimportant | Very important Important

Figure B.5.: Unrefined data from the INCOSE survey 5
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Appendix B: INCOSE Survey Data

ID |Version management system Smﬁggzt:’gﬁ;:;ﬁ':m" Stakeholder collaboration Graphical model representation for creation
1 | Very important Very important Very important Important
2 | Very important Unimportant Very important Unimportant
3 [ Neither important nor unimportant | Neither important nor unimportant | Important Very unimportant
4 | Important Can't say Can't say Very important
5 | Important Neither important nor unimportant | Important Neither important nor unimportant
& | Can't say Can't say Can't say Can't say
7 | Important Neither important nor unimportant | Neither important nor unimportant | Important
8 | Very important Very unimportant Important Important
g | Neither important nor unimportant | Important Neither important nor unimportant | Very unimportant
10 | Important Unimportant Neither important nor unimportant | Unimportant
11 | Important Unimportant Neither important nor unimportant | Neither important nor unimportant
12 | Very important Important Very important Can't say
13 | Important Important Neither important nor unimportant | Very important
14 | Very important Very important Very important Very important
15 | Important Neither important nor unimportant | Neither important nor unimportant | Unimportant
16 | Important Important Neither important nor unimportant | Unimportant
17 | Important Important Neither important nor unimportant | Important
18 | Important Neither impertant nor unimportant | Important Important
19 | Very important Very important Very important Very important
20 | Very important Very important Very important Important
21 | Very important Important Important Very important
22 | Important Very important Very important Important
23 [ Can't say Can't say Can't say Can't say
24 | Important Important Very important Unimportant
25 | Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant | Important
26 | Very important Important Very important Very important
27 | Very important Important Very important Important
28 | Very important Important Neither important nor unimportant | Neither important nor unimportant
29 | Important Important Neither important nor unimportant | Neither important nor unimportant
Figure B.6.: Unrefined data from the INCOSE survey 6
D Grapr!ica\l model representation for Temqal model representation for Textugl n'jodel representation for Tool independence
visualisation creation visualisation
1 | Important Neither important nor unimportant | Neither important nor unimportant | Can't say
2 | Important Important Very unimportant Important
3 | Very important Important Unimportant Neither important nor unimportant
4 | Important Important Important Important
5 | Important Important Neither important nor unimportant | Important
@ | Can't say Can't say Can't say Can't say
7 | Very important Neither important nor unimportant | Unimportant Unimportant
8 | Important Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant
g | Very important Important Unimportant Neither important nor unimportant
10 | Unimportant Unimportant Unimportant Neither important nor unimportant
11 | Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant | Important
12 | Unimportant Very unimportant Very unimportant Can't say
13 | Very important Important Unimportant Very important
14 | Very important Very important Very important Neither important nor unimportant
15 | Neither important nor unimportant | Unimportant Unimportant Important
16 | Unimportant Important Neither important nor unimportant | Neither important nor unimportant
17 | Important Important Important Important
18 | Important Unimportant Unimportant Unimportant
1g | Very important Very important Very important Very important
20 | Very important Very important Very important Very important
21 | Very important Important Important Important
22 | Important Important Important Very important
23| Can't say Can't say Can't say Can't say
24 | Important Important Unimportant Neither important nor unimportant
25 | Important Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant
26 | Very important Important Important Important
27 | Very important Very important Important Very important
28 | Very important Very important Unimportant Very important
29 | Neither important nor unimportant | Important Unimportant Important

Figure B.7.: Unrefined data from the INCOSE survey 7
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Appendix B:

INCOSE Survey Data

ID | Support incomplete models Commonly accepted methodology | Accessible reference models ;;;’E‘fd modal ganeration from natural
1| Can't say Unimportant Important Very important
2 | Very unimportant Important Very important Unimportant
3 | Neither important nor unimportant | Neither important nor unimportant | Very important Neider important nor unimportant
4 |Can't say Can't say Can't say Neider important nor unimportant
5 [ Neither important nor unimportant | Neither important nor unimportant | Neither important nor unimportant | Unimportant
@ | Can't say Can't say Can't say Can't say
7 | Important Neither important nor unimportant | Neither important nor unimportant | Unimportant
g [ Can't say Can't say Can't say Unimportant
g | Important Important Unimportant Important
10 | Unimportant Neither important nor unimportant | Neither important nor unimportant | Unimportant
11 | Important Important Can't say Can't say
12 [ Can't say Important Important Neider important nor unimportant
13 | Important Neither important nor unimportant | Important Important
14 | Important Neither important nor unimportant | Unimportant Important
15 | Neither important nor unimportant | Neither important nor unimportant | Important Neider important nor unimportant
16 | Unimportant Important Neither important nor unimportant | Neider imporiant nor unimportant
17 | Important Important Important Neider important nor unimportant
18 | Neither important nor unimportant | Important Neither important nor unimportant | Important
1g | Very important Very important Very important Very important
20 | Very important Important Important Very important
21 | Very important Important Important Important
22 | Important Important Important Very important
23| Can't say Can't say Can't say Can't say
24 | Important Important Neither important nor unimportant | Important
25 | Neither important nor unimportant | Neither important nor unimpertant | Neither important nor unimportant | Important
26 | Very important Important Very important Can't say
27 | Very important Important Important Very important
28 | Important Unimportant Very important Very unimportant
29 | Important Important Important Unimportant
Figure B.8.: Unrefined data from the INCOSE survey 8
E gi\arlzzgt;(r)]gmputation of Automated consistency checking | Configurable abstraction |
4| Can't say Very important Can't say
2 | Important Very important Unimportant
3 | Important Important Neider important nor unimportant
4 | Can't say Can't say Can't say
5 | Neider important nor unimportant | Important Neider important nor unimportant
& | Can't say Can't say Can't say
7 | Neider important nor unimportant | Neider important nor unimportant | Important
g | Can't say Very important Important
9 | Unimportant Unimportant Important
10 | Unimportant Neider important nor unimportant [ Neider important nor unimportant
11| Can't say Important Important
12 | Neider important nor unimportant | Important Important
13 | Very important Very important Neider important nor unimportant
14 | Important Very important Important
15 | Important Important Important
16 | Important Very important Important
17 | Neider important ner unimportant | Important Important
18 | Neider important nor unimportant | Important Neider important nor unimportant
19 | Very important Very important Very important
20 | Very important Important Very important
21 | Very important Very important Important
22 | Very important Very important Important
23| Can't say Can't say Can't say
24 | Important Important Important
25 | Neider important nor unimportant | Neider important nor unimportant | Neider important nor unimportant
26 | Very important Very important Can't say
27 | Very important Very important Very important
28 | Important Very important Neider important nor unimportant
29 | Important Very important Very important

Figure B.9.: Unrefined data from the INCOSE survey 9
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Curriculum Vitae

Personal Details

E-Mail dalecke@cs.uni-kl.de

Work and Teaching experience

20192025 Wissenschaftlicher Mitarbeiter RPTU Kaiserslautern-Landau

Computer Science Department, Design of Cyber-Physical Systems research group
2016—2019 Wissenschaftliche Hilfskraft RPTU Kaiserslautern-Landau

Computer Science Department, Tutor ”Rechnersysteeme 1+2”
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