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Abstract

This doctoral thesis describes research aimed at creating a unified understanding of the fundamentals
of systems of systems to support modeling practices and thinking principles. This is approached
through the development of an ontology-driven conceptual modeling of systems of systems. This
approach combines an abstract mental model of a reality with the formalities of ontology theories to
build structured knowledge representations of systems of systems using a core ontology artifact. The
development of this core ontology adopts the constructive research methodology employing various
research methods, tools, and processes. Narrative and systematic literature reviews and exploratory
studies were applied to study the systems of systems problem domain and the foundations for
system of systems knowledge representation. Iterative ontology development processes, case studies
illustrations, formalization and usability analysis studies facilitated the development of the ontology
artifact. Different assessment and feedback mechanisms were employed. These include feedback from
the iterative ontology development process, an ontology alignment for philosophical clarity, internal and
external consistency checking of the formalization process, and a survey-based evaluation study. The
outcome of this thesis is a knowledge representation that facilitates semantic interoperability, machine
readability, knowledge reuse, and overall, a proposal of an ontological source of truth for the formulation
and development of systems of systems. This can play a role in facilitating industry-related tasks such as
data integration, task optimization through semantic harmonization and capability mapping, therefore
providing a baseline that minimizes ambiguity and facilitates design space exploration.
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Abstract

This doctoral thesis describes research aimed at creating a unified understanding
of the fundamentals of systems of systems to support modeling practices and
thinking principles. This is approached through the development of an ontology-
driven conceptual modeling of systems of systems. This approach combines an
abstract mental model of a reality with the formalities of ontology theories to
build structured knowledge representations of systems of systems using a core
ontology artifact. The development of this core ontology adopts the constructive
research methodology employing various research methods, tools, and processes.
Narrative and systematic literature reviews and exploratory studies were applied
to study the systems of systems problem domain and the foundations for system
of systems knowledge representation. Iterative ontology development processes,
case studies illustrations, formalization and usability analysis studies facilitated
the development of the ontology artifact. Different assessment and feedback
mechanisms were employed. These include feedback from the iterative ontology
development process, an ontology alignment for philosophical clarity, internal
and external consistency checking of the formalization process, and a survey-
based evaluation study. The outcome of this thesis is a knowledge representation
that facilitates semantic interoperability, machine readability, knowledge reuse,
and overall, a proposal of an ontological source of truth for the formulation
and development of systems of systems. This can play a role in facilitating
industry-related tasks such as data integration, task optimization through seman-
tic harmonization and capability mapping, therefore providing a baseline that
minimizes ambiguity and facilitates design space exploration.
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Sammanfattning

Den hir doktorsavhandlingen beskriver forskning som syftar till att skapa en
samlad forstaelse av grunderna for system-av-system for att stodja praktisk
modellering och principer for systemtidnkande. Problemet angrips genom
en ontologidriven ansats for konceptuell modellering av system-av-system.
Angreppssittet kombinerar abstrakta mentala modeller av verkligheten med
formella ontologiteorier for att skapa en strukturerad kunskapsrepresentation
av system-av-system baserad pa en artefakt i form av en kérnontologi. Utveck-
lingen av denna kédrnontologi gors med en konstruktiv forskningsmetodik som
anvénder olika forskningsmetoder, verktyg och processer. Narrativa och system-
atiska litteraturgenomgéangar samt explorativa studier har anvints for att studera
problemdoméinen system-av-system och fundamenten for en kunskapsrepresen-
tation for system-av-system. En iterativ ontologiutvecklingsprocess, illustrativa
fallstudier, formaliseringar och anvindbarhetsanalyser stodde utvecklingen av
ontologiartefakten. Olika mekanismer for beddmning och aterkoppling an-
vindes, inklusive aterkoppling fran den iterativa ontologiutvecklingsprocessen,
anpassning av ontologin for filosofisk tydlighet, intern och extern konsisten-
skontroll av formaliseringsprocessen samt en enkitbaserad utvirderingsstudie.
Avhandlingens resultat dr en kunskapsrepresentation som underldttar seman-
tisk interoperabilitet, maskinldsbarhet och ateranviandning av kunskap samt,
Overgripande, ett forslag pa en ontologisk sanningskilla for formulering och
utveckling av system-av-system. Dessa kan underlitta industriella uppgifter
sasom dataintegration, optimering av uppgifter genom semantisk harmoniser-
ing och férmageanalys, och ddrigenom tillhandahélla ett utgdngsvirde som
minimerar tvetydighet och underléttar utforskning av en 16sningsrymd.
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Chapter 1

Introduction

Interest in systems of systems (SoS) research and practical applications has
grown over the years, first in the defense sector and in other sectors including
transportation and healthcare [1]. This growth is motivated by the increasing
need for interoperability and coordination among disparate systems working
together to create the SoS solutions. With multiple disparate systems, SoS are
generally large and complex. A typical example of an SoS is an integrated
air defense which includes air surveillance, battle management, and weapons
control [2] systems. Another example is air transport SoS depicted in Figure 1.1,
which includes air traffic management (ATM), airlines operations, and Ground
Handling (GH) airport operation systems [3]. These examples show multiple
systems working together towards the SoS emergence behavior.

The development of SoS emergence looks at concerns both within and
among the systems constituting the SoS. This means taking into consideration
the constraints of each system and the consequences of their interoperability.
These considerations create design, synthesis and analysis complexities which
call for the application of methodical approaches beyond the traditional systems
engineering approaches. Therefore, an SoS can benefit from formalized applica-
tions and approaches that simplify understanding and separate concerns. This is
inspired by model based systems engineering (MBSE)), i.e., the use of models
to support understanding of different stages of the lifecycle of systems from
requirements to validation. This leverages the use of language, method and tools
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The Air Transportatio

Legal Authorities
Operations

1!

Figure 1.1. The air transportation system as a system of systems [3]

to understand a phenomenon. This study seeks to create a structured methodical
understanding of what constitutes an SoS.

1.1 System of Systems Characteristics

The ISO standard 21841:2019 [4], defines an SoS as “a set of systems or system
elements that interact to provide a unique capability that none of the constituent
systems (CS) can accomplish on its own”. This unique capability is an emergent
behavior that is developed through an integrated process that leverages the capa-
bility contributions of the CS participating in the SoS. SoS are characterized by:
the managerial and operational independence of CS, geographical distribution
of CS, the orchestrated emergent behavior, and the evolutionary development
of the CS, and subsequently that of the SoS [5]. Therefore, the engineering of
an SoS is a multi-dimensional challenge which emanates from the characteri-
zation and interactions of its CS. The characterization includes the level of the
interdependence of the bonds formed among the CS, the necessary adaptations
needed to attain the required interoperability, and the dynamic configuration of
the changing SoS architecture [6]. With these dimensions, SoS are characterized
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by specific pain points ranging from leadership related issues to testing and
validation concerns. Within these points, several questions become of interest
including: the choice of collaborative patterns, the roles in SoS leadership,
addressing capabilities and requirements, and the development of SoS thinking
principles [7].

1.2 Systems of Systems Engineering

With SoS characteristics and challenges, systems of systems engineering (SoSE)
transcends the traditional systems engineering (SE) domain. A review study on
the evolution of SE outlines its evolution and relation to requirements-driven
processes, interdisciplinary approaches, and problem-solving mechanisms. In
these three areas, SE focuses on the application of analysis and design processes
for the lifetime of a system, interdisciplinary and collaborative approaches to
realize successful systems, and a framework that overlaps with the general
problem-solving paradigm [8]. In an SoS, these concerns multiply and the
corresponding modeling efforts need to be adjusted to the nature of the SoS.

One approach to understanding these concerns is to develop an improved
understanding of the SoSE discipline. A study by Henshaw at el. [9] outlined
problems with SoSE research: how a holistic view of an SoS challenges the
popular reductionist approach in SE; how to decide on significant interactions
given that significance is context dependent; how one chooses to study an SoS
may be methodologically sound, but also limit the generalization of results; and
how the independent nature of CS limits the depth of information in an SoS.
This study [9] further highlights how the SoSE discipline could benefit from
further research to establish theoretical foundations and support modeling and
architecting tasks. In this thesis the focus is on how to support the lack of an
agreed upon theoretical foundation by creating a conceptual understanding of
an SoS.

SoSE is the engineering of the contextual nature of an SoS with a holistic
view of the interactions among CS towards developing the SoS emergent be-
havior. By virtue of its underlying makeup, an SoS is characterized by different
areas of interest that constrain their development and operation. These include
how SE efforts can be applied towards the SoS capabilities and requirements,
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interdependencies formed among the CS, creation of the SoS collaboration
patterns, and the respective SoS thinking principles [7]. By developing a concep-
tual understanding of the development and operations of an SoS, this research
propels a better understanding of the SoS field, and a proposed starting point
to support SoS thinking principles. The focus is to provide a holistic view that
leverages systems thinking to highlight how, in an SoS the sum of the parts is
greater than the whole [10].

1.3 Ontology-Driven Systems of Systems Engineering

The International Council on Systems Engineering (INCOSE) Vision 2035 [11]
highlights the need for enhanced processes to support SE of complex systems.
This vision emphasizes on the role and the application of model-based abstrac-
tions and systems thinking. This thesis is motivated by what INCOSE envisions
as the future of SE, i.e., “SE is predominantly model-based”, and SoS are envi-
sioned as “designed with unified modeling approaches and established to include
common style guides, patterns, methodologies, and practices that integrate dif-
ferent aspects of systems, from their social-technical nature to the sociology
of their existence.” A unified approach requires a unified understanding. One
approach towards a unified understanding is developing an ontology-driven
conceptual modeling of a domain.

At this point it is important to highlight how the terms ontology and concep-
tual model are used in this thesis. Although they seem to create a dichotomy,
they serve separate purposes, and highlight different levels of rigor. In the con-
text of this thesis, ontologies provide a shared conceptualization of a domain, a
blueprint for knowledge representation, that aims at facilitating consistency and
conformance to existing knowledge and rules, and support machine readability
[12]. On the other hand, conceptual models also create shared understanding,
but are less formal, serving as sketches for human communication usually used
for brainstorming and seeking stakeholders’ alignment [13].

Through the ontology-driven approach, this thesis seeks to support the
principles of SoS thinking by developing a conceptualization and knowledge
representation for SoS. Conceptualization is described as “a means to find
adequate concepts and conceptions for representation of a visible and mental
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world” [14]. Conceptualization abstracts reality, to balance truthfulness to
reality as a means to create an organization and an interpretation of domain
knowledge, whereas the knowledge representation encodes the conceptualization
for machine readability, reasoning, and inferencing [14]. Therefore, ontology-
driven conceptual modeling works at the interface between conceptual modeling
and ontology engineering. A conceptual model represents a plan of design of
an artifact. This plan is developed from the synthesis of the end user’s mental
model on how the artifact is expected to function. Therefore, ontology-driven
conceptual modeling for SoS is achieved through abstraction and pragmatics.
This approach is linked to facilitating improved understanding of three core
aspects of SoS. These aspects are defined in the summary of Systems engineering
guide for SoS [15], i.e., capability objectives, systems and relationships, and
requirements and solutions.

1.4 Thesis Outline

This thesis is structured in two parts. Part I gives on overview of the thesis,
structured as follows: Chapter 2 discusses the background and related work.
Chapter 3 describes the research approach. Chapter 4 presents the research
results. Chapter 5 discusses the experience of doing this research and provides
a reflection of some aspects of the research. Chapter 6 concludes Part I by
summarizing the research, drawing conclusions and highlighting future work.
Part I1 is a compilation of the research papers that are part of this thesis.






Chapter 2

Background and Related Work

This chapter highlights the background theoretical framework and the related
work of the research theme of this thesis.

2.1 Systems of Systems

SoS categorization has evolved into four main categories [5] [16]: directed,
collaborative, acknowledged, and virtual SoS. This categorization demonstrates
a variation of how adaptable and cooperative the CS are in an SoS. Directed SoS
are compelled towards a common purpose of the SoS; acknowledged SoS exhibit
collaborative agreements towards the SoS common purpose; collaborative SoS
exhibit voluntary contribution towards the common purpose of the SoS; and
virtual SoS are free forming without control or common purpose [16]. In
practice, an SoS can exhibit more than one category in its operation.

A study by Boardman and Sauser [17] highlights the compositional nature
of an SoS as the main factor differentiating an SoS from an integrated system.
This nature is characterized by the autonomy of CS in pursuing their own goals;
the characteristics of the bonds the CS form in an SoS which are a reflection of
the value they add and the cost-benefit they agree to in an SoS; the need of the
dynamic determination of connectivity; the importance of the SoS stability in its
environment; the ability of the SoS to respond to disruptions orchestrated by its
environment; the synergy of CS towards the SoS emergence. The US Department
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of Defense systems engineering guide for SoS [15] differentiates SoS from
the traditional SE in different aspects including: management and oversight,
operational environment, implementation, and engineering and design. In this
guide, these differences are elaborated through a comparison of acknowledged
SoS with integrated systems. This comparison highlights [15]:

* How the management and oversight in SoS includes different levels of
stakeholders’ involvement both at CS and SoS levels, and in turn gover-
nance decisions add a corresponding level of complexity.

* The SoS operational environment has to support the manifestation of op-
erational objectives which are built into the objectives of the independent
systems.

* The implementation of SoS include added complexity in the acquisition,
test and evaluation due to the multiple lifecycles of the participating
systems, and unintended consequences.

* SoS engineering and design considerations become more stringent on
implementing and balancing boundaries, interfaces, performance and
corresponding behaviors.

The US Department of Defense systems engineering guidebook [18] defines
SoS as a context of SE. The role of the SoS context in SE processes is further
discussed by Dahmann et al. [19], highlighting how this context shifts the focus
from the specifics of a system in traditional SE, to the specifics of the role of
the systems in the SoS context. This raises discussion on how context relates
to: the environment, the definition of boundaries, the definition and planning of
processes, and highlights the overall importance of concept of operation in an
SoS [19].

Therefore, the challenge of SoSE is to the orchestration of the means and
ways to take advantage of CS capabilities in a manner that creates enough stable
states for connectivity among CS, and support the agility to deal with disruptions
in an effort to achieve a satisfactory outcome [17]. This points to the necessity
of the extension of SE methods, tools, and approaches to understand SoSE. The
SE guide for SoS [15] characterizes its processes with seven core elements,
in which three are of particular importance in this thesis as they correlate
with the purpose of the knowledge representation. These three elements are:
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translation of capability objectives into requirements; understanding of CS and
relationships; and addressing SoS requirements and solution options [15]. The
application of SE processes to SoS is characterized by cross cutting approaches
that consider organizational issues in SE decisions, foster acknowledgment
of roles among participants, includes balanced technical management, and
considers architectural-related issues [15].

2.1.1 SoS Heuristics and Architecture

A study by Keating et al. [20] identified several outstanding SoSE concerns: the
fluidity of the SoS boundaries; SoSE pluralistic goals; the contextual nature of
SoSE; and the methodological approach of SoSE. These concerns are amplified
by the need for interoperability and the sensitivity of CS towards the formation
of SoS emergent behavior. With such interconnection of concerns, the use
of heuristics become inevitable. The INCOSE systems engineering handbook
[18] defines heuristics as encapsulating words of the wise or rule of thumb that
provide general guidelines and support for value judgement and decision making.
Typical SE heuristics include thinking with a mindset that in early stages of a
project, unknowns are a bigger issue than known problems, and model before
build, whenever possible. Such a mindset builds anticipation of possibilities and
tradeoffs in the prospective outcomes. In the context of SoS, a study by Maier
[5] defines SoS design heuristics to include:

* Stable intermediary forms: this reflect the need to have functioning steps,
such that the whole system does not collapse at once. “Complex systems
will develop and evolve within an overall architecture much more rapidly
if there are stable intermediate forms than if there are not.”

* Policy triage: this reflects a utility-based approach to management, that
prioritizes resources amidst constraints. “Let the dying die, ignore those
who will recover on their own, and treat only those who would die without
help.”

* Leverage at the interface: this reflects how the established function steps
serve the purpose of the SoS by enforcing aspects such as scalability and
reusability of the interfaces. “The greatest leverage in system architecture
is at the interfaces. The greatest dangers are also at the interfaces.”
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* Ensuring cooperation: this reflects the need to align incentives with par-
ticipation, and defining an architecture with the right kind of control and
quality for the category of the SoS. “If a system requires voluntary col-
laboration, the mechanism and incentives for that collaboration must be
designed in.”

The use of these heuristics support that the SoS is modularly stable, the use
of resources reflect the required utility, interfaces are reusable, and that overall,
the developed architecture is responsive to the purpose of the SoS.

The choice of SoS architecture is guided through several areas of conver-
gence. These are discussed by Fang et al. [21] to include: the use of conceptual
frameworks particularly capability based initiatives and architectural frame-
works such as DoDAF; establishment of measures to estimate the effectiveness
for the capability-based initiatives; proper architecting of the cascading effects
of interdependency and the associated uncertainties; the multistage decision
making processes associated with the dynamic evolution of SoS; the need to
balance autonomy, cooperation and negotiation; and the choice and use of multi-
objective optimization modeling and heuristic algorithms. These areas bring
to focus: how in SoS, the notion of capability is elevated above the notion
of requirements; how the emphasis on the ripple effect in SoS configurations
cannot be ignored; how an SoS is a decision-related problem; and how the SoS
complexity calls for the need for heuristics.

In this thesis we focus on supporting SoS thinking principles. We ap-
proach this through conceptualizing the SoS phenomenon and formalizing this
conceptualization for knowledge representation. This is achieved through the
deconstruction of the SoS narrative, committing to what is fundamental to SoS,
and building a knowledge representation artifact on these commitments.

2.2 Knowledge Representation

Knowledge of the world is described in two broad categories: declarative and
procedural knowledge. These correspond to the knowledge of facts and the
knowledge of skills, respectively [22]. Knowledge representation (KR) is the art
of portraying these aspects in a manner that creates a machine-readable notation
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of the knowledge. KR is mostly discussed with reference to artificial intelligence
(AI) as going beyond heuristics, to create exact knowledge through learning,
reasoning, and decisions from pre-set data [22].

A study by Davis et al. [23] argues that KR is best explained through the
five roles of KR, and the questions these roles seek to answer. These roles and
corresponding questions are as summarized:

* KR is fundamentally a surrogate. What is the surrogacy for and what is
the fidelity of the surrogacy?

* KR is a set of ontological commitment. What set of ontological commit-
ment are we making, i.e., what are choosing to magnify or blur?

* KR is a fragmentary theory of intelligent reasoning. What constitutes
intelligent reasoning?

* KR is a medium for pragmatically efficient computation. How does one
balance computational efficiency with adequacy of the representation?

* KR is a medium for human expression. How general, precise, and expres-
sive is the representation as a medium of expression?

These roles highlight the purpose-driven nature of KR, its dependence on
the choice of framework, its associated tradeoffs in computational environments,
the subjectivity of model expressiveness, and the generality or specificity of the
representation.

KR is achieved through conceptualization. A conceptualization is an “ab-
stract, simplified view of the world that we wish to represent for some purpose”
[24]. Conceptualization implements the surrogacy, ontological commitment, and
the human expression roles of KR. It achieves this by defining what knowledge
is to be represented, facilitating that the conceptualization addresses the pur-
pose of the representation well enough to establish an agreed upon ontological
commitment of the domain. Therefore, conceptualization develops a conceptual
map that facilitates a common understanding of a domain. One way to fulfill the
intelligent reasoning and computational environment roles of KR is through an
ontology approach, hence our focus on the ontology-driven conceptual modeling
of SoS.
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2.3 Ontologies

The definition of the term ontology has evolved over the years into that an
ontology is “a formal explicit specification of a shared conceptualization™ [24].
Formal explicit specification implies the use of a language that communicates
precision in machine-readability. Shared refers to an agreed upon, or a consensus
rather than a subjective choice. Conceptualization focuses on the vocabularies,
axiomization, and the richness of the domain of discourse [12]. Therefore,
ontology is a philosophical discipline, that represents a conceptual system in a
logical theory.

Ontologies are broadly categorized in three main categories: foundational,
core, and domain ontologies [25]. These correspond to different levels of ab-
straction and establishment. Foundational ontologies are widely used, stable and
accepted conceptualizations of reality; core ontologies are conceptualizations
specific to a certain field; and domain ontologies conceptualize specific domains.
In this thesis we focus on the core ontology category. A core ontology defines
structural knowledge in a manner that adds to it a high degree of axiomization
and formal precision, modularity, extensibility, reusability, and separation of
concerns [25]. Axiomization and formal precision adds a common understand-
ing which is enforced by aligning the core ontology to a foundational ontology.
Modularity is a clear way to facilitate extensibility and reusability, and this is
achieved through the use of ontology design patterns. Overall, a combination of
aspects such as modularity, extensibility, and reusability supports the potential
of creating solutions that support real life application domains [25].

An ontology as an artifact can support a number of roles: providing a com-
mon vocabulary, supporting a conceptual schema for data structure, making
assumptions and design rationale explicit, supporting semantic interoperability,
systematizing knowledge, functioning as a meta-model, and providing a theory
of content [26]. With such roles, ontology development is a design problem. As
a design problem, ontology development focuses on allocating ontological com-
mitments in a manner that communicates a specific domain of discourse. This
commitment is embedded in a shared vocabulary for coherency and consistency.
Therefore, designing an ontology means making design decisions that sum up to
communicating a specific purpose amidst constraints. Gruber [27] defines the
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following design criteria for ontologies:

* Clarity in conveying required meaning, with objective definitions that are
independent of situations and contexts.

» Coherency in terms of alignment, avoiding contradictions, and facilitating
extendability in its use.

* Strive for minimal encoding bias through knowledge-level conceptualiza-
tion that avoids notational or implementation convenience.

* Strive for minimal ontological commitment, making only the necessary
claims about the subject being modeled, and supporting interoperability
and reusability.

As a design problem, ontology development means seeking a balance of
these design criteria to express the purpose of the ontology artifact. However,
the complexity of this design problem is heightened by the fact that the tradeoffs
between these criteria are inevitable, e.g., between extendability and ontological
commitment. With this thesis’ focus on core ontology, it is an ample opportunity
to learn and experience how, according to Scherp et al. [25] the design of a
core ontology aligns with not only the solid modeling practices, but also human
cognition aspects of philosophy, linguistics, and psychology.

2.4 SoS and Ontologies

The combination of SoS and ontologies has been discussed in literature in
different perspectives. A study by Baek et al. [28] develops a conceptual
metamodel representing SoS ontologies aimed towards a holistic view of an SoS.
The authors extracted their requirements by distinguishing SoS and CS level
entities, defining SoS-level goals, requirements, services, behaviors, and the
relationships between these entities, as well as defining and classifying SoS-level
environmental factors. Their study gave a general overview of different aspects
of CS and SoS, and their interactions in the development of the SoS emergent
behavior. With interoperability playing a significant role in SoS, a study by
Benali et al. [29] presented an interoperability framework and a conceptual
model to structure SoSE knowledge. The defined framework is a matrix of three
interoperability concerns for SoS: operational, constructive and programmatic.
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These focused on: the exchange of relevant information and compatibility or
complementarity of operational concepts; abilities of processes and tools to
exchange information in an understandable manner; and the ability for shared
understanding to effectively participate in collective behavior, respectively.

A study by Feng at al. [30] went a step further from developing an SoS meta-
model to incorporating an extension that characterizes prospective architecture
views for an SoS. The authors further proposed SoS capability and operational
ontologies, and provided steps towards developing capabilities and operational
modeling. A study by Nilsson et al. [31] developed an SoS ontology to support
collaboration in SoS. Their formulation aimed to address the incompatibilities in
definitions and concepts in SoS with particular emphasis on safety applications.
The ontology was evaluated by mapping terms in product development, and
exploration of architectural concerns in system safety [32]. SoS architectural
concepts are discussed by Mohsin et al. [33] to include structural, behavior,
dynamic architecture and reconfiguration, corresponding to the exploration of
descriptive, interaction, and dynamic evolutionary aspects of an SoS, respec-
tively.

Overall, these studies demonstrate different ontological formulations and
concerns in SoS with respect to specific purposes. The gap observed in these
studies is the absence of a specific core ontology for SoS, i.e., an ontology that
highlight a minimum list of concepts and relationships necessary to develop a
unified understanding of SoS.

2.5 Missions in SoS

Predominantly discussed with reference to the defense sector, SoS are described
in terms of the mission they fulfill, and the capabilities they leverages from the
participating CS. The systems engineering handbook [34] defines a mission as
“the top-level function of the system; the one that synthesizes all transformations
of all inputs and solicitations into outputs and reactions”. The US mission
engineering guide (MEG) [35] highlights mission engineering as a context
of SoSE, and defines mission engineering as “an analytical and data-driven
approach to decompose and analyze the constituent parts of a mission to identify
measurable trade-offs and draw conclusions”.
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As a context of SOSE, mission engineering in SoS synthesizes the diversity of
SoS constituents, handles complex system behavior and interactions, facilitates
stakeholder collaborations, and supports multiple levels of abstraction [36]. With
such concerns, the development of mission concept models for SoS can benefit
from digital engineering and MBSE tools and methods [36]. A study by Zhu [37]
builds a mission concept model for SoS, showing different relations including:
decomposition, priorities, trigger, conditional constraints, and concerns. A study
by Silva et al. [38] discusses a mission-oriented approach to designing a SoS,
highlighting the main elements of a mission as: task, trigger or pre-conditions,
executor, parameters, constraints, final conditions, and relationships. The study
highlights how missions can be defined, specified, represented, implemented,
and how the behavior of a system is a reflection of the type of mission, be it
achievement, maintenance, or avoidance missions.

A recent systematic review study by Mihret et al. [39] investigated mission
conceptualization and representation, developed a unified mission ontology, and
performed an ontology coverage analysis. This review study took an indepth
analysis of MEG and depicted specific aspects of mission problem, mission
characterization, mission architecture and mission analysis. This depiction was
employed to facilitate the creation of a mission model with four main focal points
goal, operation, scenario and environment. This was then employed to develop
the unified mission ontology. This review is informative on how missions can be
conceptualized, and provides a compiled separation of mission-specific concepts
and concerns in an SoS.

2.6 Capabilities in SoS

Capability is a term used in many different sectors and contexts. It is generally
defined as “the ability to do something” [40]. Antunes et al. [41] discuss the
use of the term capability in economics and management, engineering, and
information systems, connecting capability to strategic organization paths and
positions in the market, and to organization processes that enhance a company’s
operational competitiveness. In the context of SoS, the most common definition
of capability is that of the US Department of Defense (DoD), where capability
is “the ability to achieve a desired effect or outcome under specified conditions
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and standards, using a combination of resources (ways and means) to perform
tasks” [42].

A study by Henshaw et al. [43] sought to highlight the polysemous nature of
the word capability. His study defined different worldviews of capability types
and activities. Defined capability types include equipment capability, organiza-
tional capability, and relational capability. Defined capability activities include
capability planning, capability tradeoffs, and dynamic capability reconfiguration.
Other literature characterize capability differently, Wilotzki [44] summarized
this characterization:

» Core capabilities lead to competitive advantage

* Capabilities have to be difficult to imitate

* A capability represents a process that uses resources

* The results a capability yields is sufficient

 Capabilities are adjusted to user needs

» Capabilities are used for coordination of activities and utilization of re-
sources

* A capability is the ability of a structural unit to use a resource in order to
achieve a certain goal

From this analysis, Wiotzki [44] described that a capability “represents the
ability of an entreprise to join resources and information in order to support
a strategic goal. This combination is applied in consideration of the specific
context and executed in a defined and repeatable activity/ process for which
certain roles/ actors take responsibility in order to produce a desired outcome”.

The US mission engineering guide (MEG) [45] outlines that SoS objectives
are typically expressed in terms of capability. Therefore, the translation of
capability needs to technical requirements constitute a prime part of engineering
of an SoS. With the contextual nature of an SoS, such translation requires
good SoSE practices. Henshaw [46] proposed that such practices include the
development of an SoS-minded workforce; the development of organizational
and trust-based relationships that focus on service-based approach; the use of
open architectures to foster agility; and the practise of good SoS procurement
behaviors which minimize diversity, maximize reuse, and foster the use of
open standards. The implementation of such practices in an SoS is led by the
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identification of the actual problem to be solved, the existing capability gaps,
and the definition of specific measurable, achievable, and realistic objectives.
This is synonymous to what capability engineering entails [47].

A study by Pogotto et al. [48] outlined capability engineering as a method-
ology with the potential of supporting defense planning and acquisition, and in
the process support challenges of transformation in the defense sector, i.e., an
evolving construct of SE to an SoS perspective. Research studies by Tarnholm
et al. [47] investigates capability engineering in the military domain through a
three-layered framework of technical, socio-technical and governance layers.
These highlight the complex nature of technical systems; the significance of
human and machine interactions; and the need for standards, regulations and eth-
ical considerations, respectively. The combination of these layers demonstrates
what a typical SoS entails.

A study by WiBotzki [44] proposed an implementation of capability engi-
neering through a systematic capability management process. This process aims
at identifying involved parties and their corresponding terms and conditions,
and the identification and formation of capabilities [44]. In an SoS, the focus
is then on how well the various characteristics and attributes of the SoS are
orchestrated towards contributing to the specific capability objectives. These
deal with different aspects of capabilities: from how the capability objectives are
translated into requirements, how these requirements are then addressed through
a proper orchestration of the evolving and relational aspects of CS, and how the
capability objectives are assessed through designed metrics [45].






Chapter 3

Research Approach

This chapter highlights the research approach. It outlines the overall research
goal, the research subgoals, and the employed research methodology. It then
discusses the research processes employed in this thesis.

3.1 Research Goals

Ontology-driven conceptual modeling of SoS aims at supporting SoS under-
standing by facilitating knowledge representation, by addressing the following
overall research goal:

Overall Research Goal (RG): The goal of this research is to develop a con-
ceptual understanding of SoS through artifacts that support knowledge rep-
resentation and exploration aimed at improving SoS modeling and thinking
principles.

The overall research goal is decomposed into three research subgoals (RS G).
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- Research Subgoal 1 (RS(G1): To establish a theoretical foundation for
SoS knowledge representations and exploration artifacts.

This subgoal aims to establish a knowledge base for SoS. It is imple-
mented through the investigation of the state-of-the-art of SoS, covering
the theoretical foundations, and the exploration of the SoS problem do-
main. A theoretical foundation is built through literature reviews and case
study illustrations to understand the fundamentals of SoS.

The exploration highlighted the need for the artifacts, the kind of artifacts,
their level of formality, and their applicability in supporting knowledge
representation. It also explores how a structured knowledge represen-
tation can improve on SoS understanding. State-of-the-art exploration
also involved research efforts to explore different aspects of an SoS, in
an effort to compartmentalize SoS complexity. This meant exploring
different applications of systems thinking, and concerns in SoS.

- Research Subgoal 2 (RSG>): To develop a formalized knowledge
representation for SoS.
This subgoal aims to conceptualize an SoS. It focuses on identifying and
agreeing on minimal possible concepts and relationships for the represen-
tation of an SoS, benchmarking the conceptualization against an existing
established framework, highlighting possibilities for extension, and test-
ing the formalization on typical SoS case studies. This research focuses
on an ontology approach to knowledge representation, particularly a core
ontology. The choice of ontology approach is based on how it exhibits
different roles of knowledge representation as elaborated in Section 2.2.

- Research Subgoal 3 (RS(G3): Evaluation, verification, and validation
of the developed solution.
This subgoal aims to align the conceptualization against existing estab-
lished frameworks and methodologies, highlighting possibilities for ex-
tensions, re-use, documentation requirements, and room for further de-
velopment. The outcome of this subgoal is to provide a grounding in
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the kinds of entities represented by the ontology concepts to minimize
ambiguities, provide an added layer that supports MBSE pragmatics, and
a methodological adherence and documentation guideline for prospective
re-use of the ontology.

3.2 Research Methodology

This thesis draws on design-oriented research and processes, with particular
emphasis on the constructive research approach (CRA). CRA is popularly ap-
plicable in information systems research, and geared towards building practical
and theoretical artifacts that create knowledge on how to understand, solve,
explain, or model a specific problem [49]. CRA is the construction of scientific
knowledge through an innovative research process that solves feasibility-related,
improvement-of, or novelty-related knowledge problems [49]. Fundamental
aspects of CRA that make it useful for this research stem from how it creates
new knowledge by correlating existing theoretical knowledge with practice,
therefore enhancing the relevance of the developed artifact.

A study by Lukka [50] identified four central elements towards the creation
of a solution using constructive research. These include practical relevance of the
problem and the solution, connection to prior theory, practical functioning of the
solution, and theoretical contributions of the study. The process of constructive
research involve various tasks including:

* The formulation of problem with theoretical contribution

* Seeking collaborative solutions to be able to the effectively address differ-
ent aspects of the problem

* Creating theoretical and practical understanding of the problem

* Devising innovative problem solving constructions, followed by the im-
plementation and testing of the constructions

* Stepping back and learn on the scope an applicability of the solution, and
identifying and analyzing respective theoretical contributions

These are summarized into compacted steps documented as the research
process followed in this thesis. Overall, CRA is an innovative process, with no
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absolute prescription to establish facts and consensus, making it a good approach
to explore how to think about a field, i.e., prompting specific thinking principles.

3.3 Research Process

This research incorporates academia and industry collaboration. Two indus-
try partners: Volvo Construction Equipment (VCE) and Svenska Aeroplan
Aktiebolaget (SAAB) were involved. This research was part of the Mission
and Capability Engineering for SoS (MACE4So0S) ! project. The industry and
academia collaboration facilitated studies and research on the perspectives,
experiences, and expectations on SoSE, sought collaborative solutions, and de-
veloped the scientific contributions. The contributions of this thesis incorporate
both the quest for relevance of the artifact in the greater research and practice
community, as well as the utility of the artifact in SOSE. The ontological solution
developed in this thesis is an integration of theoretical knowledge and practical
relevance, including exploratory analysis, development processes, philosophical
benchmarking, evaluation, and tooling studies.

The research process involved in realizing the aforementioned research
subgoals is as highlighted in Figure 3.1. This is an iterative process with
feedback, modification, and evaluation-related activities clustered into three
main processes: development of problem awareness; development of research
product; and assessment, reflection, and improvements.

1. Development of problem awareness. This process involved developing
the problem awareness and formulating the research problem. Activities
within this process included:

e Literature reviews: include narrative reviews to gain insights on the
theme, and a systematic review for deeper insights on a specific SoS
theme.

* Practitioners’ workshops within the context of the MACE4SoS
project.

'The MACE4S0S project aimed at proposing methods for modeling SoS capabilities
and missions, henceforth supporting SoS design. Refer to: https://www.es.mdu.se/projects/
589-MACE4SoS
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Figure 3.1. The research process

Assessment, Reflection
and Improvements

» Exploratory studies to study different possibilities of outcomes at-
tributed by the characteristics and challenges of the SoS problem
domain.

The outcome of these activities and tasks is an improved understanding
of SoS research challenges, through which the general and specific goals
that guide our research are sharpened.

. Development of research product. This step involved the definition and
the design and development of the proposed solution.

* Definition of proposed solution. This process involved activities
that resulted in proposing a designated solution for understanding
SoS, i.e., an ontology approach to understanding SoS. These ac-
tivities included developing an understanding of ontologies, from
what they are, their philosophical foundation, and scientific meaning,
to their relevance and significance in this research. This process
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involved literature reviews and focused discussions on the potential,
limitations, and workflow of the chosen approach. The outcome
of this process was added clarity on the kind of ontology to be
developed, its purpose, its development process, feedback from col-
laborative partners, prospective evaluation options, and overall, an
opportunity to gauge how the approach addresses the research goals.

* Design and development of proposed solution. This process in-
volved the development of the core ontology for mission and capa-
bility in SoS. This followed an iterative ontology development and
review process. The activities in this process included: brainstorm-
ing sessions, workshops, case studies reviews, and illustrations. It
also included ontology benchmarking with established foundations
and with ontology building methodology for verification, and the
use of ontology language and tools for formalization, testing, and
validation purposes. The outcome of this step included:

— A core ontology for mission and capability in SoS. This ontol-
ogy was illustrated using wildfire crisis management and an
asphalt paving SoS.

— An exploratory query of the ontology to develop operational
and design-specific questions for an SoS. This was inspired by
what Business Model Canvas [51] provides for businesses, and
Kipling’s [52] use of interrogatives to study a domain.

— An encoding of the core ontology in a machine-readable lan-
guage. This allowed us to query its concepts and relations,
check for intelligent reasoning, and explore how to extract a
domain ontology from the core ontology.

3. Assessment, reflection, and improvements. This process involved learn-
ing from the proposed approach and reflecting on the pros and cons of the
developed ontology artifact. Different means of evaluating the ontology
artifact were explored. The focus was to ensure that the solution is rele-
vant to the purpose of the artifact, the artifact’s usability is highlighted
and discussed, expert advice is well incorporated into the solution, and
alternative insights for the research are explored.



Chapter 4

Research Results

This chapter compiles the research results. It provides a summary and results of
each paper, and compiles these results to show how they address the research
subgoals.

4.1 Research Papers

The research contributions of this thesis are packaged in nine research papers
i.e., P4 to Py. This section presents each paper’s title, publication venue, what
the paper is about, the results, and my role in the making of these papers. These
are organized in chronological order.

P4: The Capability Concept in the Context of Systems of Systems: A
Systematic Literature Review

Authors: Joyce Martin, Jakob Axelsson, Jan Carlson, Jagadish Suryadevara.
Status: Published in IEEE International Symposium on Systems Engineering
(ISSE), 2022.

P4 presents a systematic literature review (SLR) on the concept of capability in
the context of SoS. This SLR focused on understanding the definition of the term
capability, the existing support systems surrounding the concept of capability
in SoS, and its corresponding characterization in different communities and
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contexts. The study is motivated by the fact that the engineering of SoS goes
beyond addressing requirements to addressing capabilities.

Results: P4 results include highlighting of the defense sector dominance in
capability-related SoS literature. It identified the DODAF definition of capability
as the most referenced definition. This definition has four main keywords: ability,
effects, conditions, and missions. These keywords directly or indirectly inform
of the specific considerations when developing an SoS artifacts, i.e., reflection
points on how these keywords are represented in a real SoS. The SLR showed
capability categories i.e., as-is and to-be, forms of capabilities, i.e., requirement
and property, various elements, evolutionary nature, measures and components
of capabilities, characteristics of capabilities, and the domain-insensitive nature
of the iterative process of capability engineering. These results inform of possi-
ble considerations, available guidelines, and different frameworks to consider
when envisioning an artifact for SoS knowledge representation.

My role: I was the main contributor of this study. This SLR study was collabo-
ratively planned and carried out with the co-authors. I was involved in all phases
of the review, compilation, and paper writing. The co-authors participated on a
quota basis in the filtering and the selection of papers, and they reviewed and
provided feedback on the compilation, and the paper writing.

Pp: Towards a Core Ontology for Missions and Capabilities in Systems of
Systems

Authors: Joyce Martin, Jakob Axelsson, Jan Carlson, Jagadish Suryadevara.
Status: Published in IEEE System of Systems Engineering Conference (SoSE),
2023.

Pp narrates the iterative ontology development process employed to develop
the first version of the core ontology. This process include specification of the
requirements of the ontology, the actual conceptualization, and the revision
iterations. The specification stage resulted in the choice of the category of the
ontology, i.e., the core ontology. A core ontology is an application-agnostic
minimum list of concepts and relationships aimed at providing structural knowl-
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edge of SoS. The specification process defined and regulated the scope, and
formulated concerns to be addressed in-line with the purpose of the ontology.
The conceptualization and the revision processes are facilitated through the
exploration of the SoS landscape, the iterative ontology development process,
industry collaboration and case study analysis. Industry practitioners, Volvo CE
and Saab provided asphalt paving operation and wildfire crisis management case
studies, respectively. These case studies were used for the demonstration of how
an SoS works, and for the illustration of the developed artifact.

Results: Py results include the reconciliation of stakeholders’ concerns, and the
construction of the ontology model in a semi-formal language. This construction
included 13 main concepts, their relationships, and associated constraints. These
concepts are System of Systems, Stakeholders, Environment, Element, Con-
stituent System, Resource, Capability, Constellation, Capability Configuration,
SoS Operational Concept, SoS Mission, Mission Thread, and SoS Capability.
These were illustrated in three layers, corresponding to what the ontology is
expected to be used for: understand the generation of required capabilities,
understand usage and sustainment efforts for the CS capabilities, and provide
a mechanism to support decisions for the respective SoS configurations and
processes.

My role: I was the main driver of this study. Co-authors and industry collabora-
tors were involved in the ontology development and ontology review processes. |
led the paper writing, and co-authors reviewed and improved the paper’s overall
presentation, flow, and logic.

P¢: Decisions Supported by Core Ontology for Mission and Capabilities in
Systems of Systems

Authors: Joyce Martin, Jakob Axelsson, Jan Carlson, Jagadish Suryadevara.
Status: Published in IEEE Systems Conference (SysCon), 2024.

Pc describes the development of a decision framework from the developed
core ontology. This decision framework provides an explicit preliminary list
of questions meant to provide for SoS what the business model canvas (BMC)
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provides for the business community. BMC is a brainstorming tool that sup-
ports pivoting a business model with respect to among other things its value
proposition, customers, relationships, resources, partners, and activities. This
work started with decision extraction and categorization followed by linking
the ontology concepts and the decisions in different groups of interrogatives
inspired by Kipling six honest men, and filtering them through an envisioned
generic list of constraints.

Results: P results is the developed preliminary decision framework for SoS.
This framework is organized in six interrogatives why, what, who, which, how,
and when. These interrogatives correspond to purpose, goal, responsibility,
interoperability, methodical, and temporal perspectives of an SoS, respectively.
These perspectives are filtered through the generic list of constraints to facilitate
brainstorming the feasibility of an SoS. The use of this decision framework
tool is demonstrated using the asphalt paving SoS. Asphalt paving operation
is characterized by multiple stakeholders, multiple sub-missions, and quality
control processes. I addition to the core decision framework questions, the
study highlights other prospective questions that explore usability, multiplicity,
categorization, and hierarchies in an SoS.

My role: I was the main contributor of this study. All co-authors were involved
in clarifying these decisions, and in the development of the guideline. I led
the paper writing, and co-authors reviewed and improved the paper’s overall
presentation, flow, and logic.

Pp: Towards Formalizing a Systems of Systems Core Ontology for Capa-
bility Configuration, a SysML Approach

Authors: Joyce Martin, Johan Cederbladh.

Status: Published in Conference on Systems Engineering Research (CSER),
2024.

Paper Pp provides a practical elaboration of the developed ontology. Due to their
abstract and agnostic nature, ontologies are often impractical to use. This study
takes the semi-formal representation of the core ontology and employs SysML
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to demonstrate a practical applicability of the ontology. The motivation of this
study is to promote the planning and the envisioning of systems engineering
aspects of an SoS. Therefore, this study develops sample views, corresponding
attributes, and prospective operation possibilities for an SoS.

Results: Pp results include the identification of three possible views deemed
necessary when envisioning an SoS, and their corresponding attributes and oper-
ations. These are capability, mission and configuration views, which correspond
to what the SoS requires, what it fulfills, and how it achieves the emergent behav-
ior, respectively. The capability view is characterized with capability definition
and CS identification, with capability generation and interfacing operations. The
mission view is characterized with mission context, threads and constraints,
with mission decomposition and thread execution operations. The configuration
view is characterized with capability tradeoffs, standards and frameworks, with
constellations, measures, and configuration operations. The outcome of this
paper served a level of verification that informs practitioners on the possibilities
contained in the ontology. This is done in SysML, an industrially accepted
language. This representation is a demonstration of possibilities of using ab-
straction in semi-formal language like SysML to direct better understanding of
different systems engineering attributes and operations of an SoS.

My role: The authors of this paper worked collaboratively. I was the contributor
with the core ontology and the views, and the co-author provided SysML model-
ing input. The authors discussed the suggested views and agreed that they offer
a good starting point to support understanding of possible SE aspects of an SoS.

Pr: Evaluation of Systems Engineering Ontologies: Experiences from
Developing a Capability and Mission Ontology for Systems of Systems

Authors: Joyce Martin, Jakob Axelsson, Jan Carlson, Jagadish Suryadevara.
Status: Published in IEEE International Symposium on Systems Engineering
(ISSE), 2024.

PE presents an evaluation of the developed core ontology. The evaluation is an
application of survey and interview methods to collect feedback on the coher-
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ence of the ontology artifact. These methods are implemented in the framework
of the FOCA methodology’s goal-question-metric process. The goal reflects the
objective of knowledge representation, the questions justify the knowledge rep-
resentation roles, and the metrics are the quality criteria of the respective goals.
Coherence in this aspect meant consistent internal representation, completeness
in SoS knowledge, and conciseness in the use of definitions and modeling nota-
tions.

Results: Pg results include expert feedback of the developed ontology artifact.
The participants were from different fields including: operational analysis, prod-
uct development, model-driven engineering, SoS, and systems engineering. The
feedback provided arguments and suggestions on the internal consistency, re-
dundancies, incorrectness, and the need to streamline SoS modeling. On the use
of the ontology, some missing links, clarity, and modeling notation issues were
identified. On the use of definitions and modeling notation, some coherence and
modeling issues were identified. These arguments facilitated the revision of the
ontology concepts and relationships, and subsequently, further fine-tuning of
definitions and constraints.

My Role: I was the main driver for this study, developing the evaluation ques-
tionnaire, conducting the survey, conducting the analysis and documentating the
findings. The co-authors participated in the development of the survey protocol,
fine tuning the questionnaire, selection of study participants, and providing
feedback on the analysis and the documentation.

Pr: From Systems to Systems of Systems, Planning Capabilities for Capa-
bility Configurations

Authors: Joyce Martin, Jakob Axelsson, Johan Cederbladh.

Status: Published in IEEE System of Systems Engineering Conference (SoSE),
2025.

Pr explores the multidimensionality of the concept of capability in SoS. This
elaborates on the different angles of how viewing capability as a system can
facilitate understanding the SoS problem domain. This is analyzed from three
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SoS dimensions of autonomy, interdependence, and evolution. This exploration
is an abstraction from systems to capabilities, and a representation of the multi-
dimensional view of capabilities in an SoS. This multidimensionality prompts
one to structure one’s thinking to reflect how systems thinking in SoS translates
to systems thinking in capabilities.

Results: Pr results include the demonstration of the capability dichotomy of
each of the three SoS dimensions. Evolution shows the extremities between
static and dynamic capabilities, interdependence shows the extremities between
de-coupled and highly-coupled capabilities, and autonomy shows extremities
between dynamic and self-operated capabilities. The three dimensional struc-
ture formed by these axes demonstrate different heightened levels of concerns
in capability exploration, definition, assessment, analysis, planning, selection,
prioritization, orchestration, formulation, utilization, mapping, and modification.
This demonstrates how an SoS experiences varying capability system of interest,
and how these three SoS dimensions contribute towards the complexity of capa-
bility engineering of an SoS.

My Role: I was the main driver of this study. The plan for the paper was
developed through collaborative discussions with the co-authors. I led the paper
writing, with the co-authors contributing in the discussion, providing the illustra-
tions and review and improving the paper’s overall presentation, flow, and logic.

Ps: Mapping a System of Systems Core Ontology to a Foundational Ontol-
ogy

Authors: Joyce Martin, Jakob Axelsson, Jan Carlson.

Status: Published in the International Conference on Model-Based Software
and Systems Engineering (MODELSWARD), 2026

P presents the alignment of the developed core ontology to a foundational
ontology. This alignment provides a demonstration and an argumentation of gen-
eral principles of ontology design, i.e., realism, perspectivalism, and fallibilism.
Realism means that the goal of an ontology is to describe reality, perspectivalism
that there are multiple accurate descriptions of reality, and fallibilism that an
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ontology is revisable in the light of discoveries. Realism is demonstrated by
mapping the core ontology concepts to foundational ontologies. Foundational
ontologies provide established axiomatic theories to explain the philosophical
meaning of the concepts. Ontology alignment to a consistent and established
framework aims at minimizing common mistakes related to the understand-
ability of the ontology concepts. This alignment elaborates and supports our
understanding of the philosophical meaning of the ontology concepts.

Results: P results include the choice of foundational ontology and the mapping
process. The Basic Formal Ontology (BFO) was selected as the foundational
ontology. This choice of BFO was motivated by its popularity and usefulness.
The mapping was a manual mapping guided by a narrated guideline of the BFO
classifier!. However, due to the different levels of abstraction between the core
and the foundation ontology, and the philosophical and scientific implications of
the kinds of relationships, this mapping is regarded as best effort, and as such it
shows the perspectivalism part of the ontology design. The result of the core
ontology concepts’ mapping to foundational ontology entities is as summarized:

* SoS and Constellation mapped to BFO independent continuants object
aggregate and object entities, respectively.

» System is mapped to BFO independent continuant object entity.

* Capability is mapped to BFO specifically dependent continuant disposi-
tion entity.

* Mission is mapped to BFO occurent, and extended to Open Biomedical
Investigation (OBI) planned process entity.

» Mission Thread is mapped to BFO generically dependent continuant, and
extended to Information Artifact Ontology (IAO) information content
entity plan specification entity.

* Capability Configuration is mapped to BFO generically dependent contin-
uant design specification entity.

The implications of this mapping is an elaboration of how the ontology
concepts are envisioned in SoS, i.e., what is tangible, and what is intangible.
It is also a demonstration of the interconnectedness of different foundational

"https://github.com/mkeet/BFO2DecisionDiagram
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ontologies and ontology foundries, and a demonstration of the necessity of
exploring such interconnection in ontology research. This mapping adds a layer
of knowledge that translates these concepts to reflect which MBSE models
can best represent their underlying operations and attributes. The outcome of
this alignment supports the usability of the ontology artifact by serving as a
validation that the core ontology concepts coincide with how reality is conceived.

My role: I was the main contributor of this study from conception to paper
writing. The mapping process, findings, and contentions were discussed with
co-authors for consensus. The co-authors reviewed the process and the outcome,
and provided feedback to refine the mapping and the paper writing.

Py : Core Ontology Usability: From a Formalized Knowledge Base to the
Development of a System of System Domain Understanding

Authors: Joyce Martin, Jakob Axelsson, Jan Carlson.

Status: Published in Systems, MDPI Journal, 2026.

Py presents an ontology usability study focused on the ontology formalization
and domain application. The formalization employed an open source web ontol-
ogy language (OWL), with description logic to tests the logical consistency and
coherency of the ontology artifact. This study traces the formalization process
through the extended systematic methodology for building ontologies (SABIOx).
The use of SABIOx traces the different phases of the ontology development from
requirement, setup, capture, design and implementation phases. These phases
corroborate the what and why of the ontology, questions and criteria to be ad-
dressed, concepts and axioms that respond to these questions, technology-based
implementation, and formalization with the ontology language, respectively.

Results: Py results include the formalization and application of the ontology.
The formalized ontology model is a digital model that proposes a single source
of truth aimed at abstracting the complexity of an SoS. In OWL Protégé, the
formalized ontology model is checked to be a coherent and consistent represen-
tation. This study demonstrates usability from three aspects: syntax, semantics
and pragmatics. The formalized ontology was tested on a wildfire management
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case study to demonstrate its usability on a typical SoS.

My role: I was the main contributor of this study from conception to paper
writing. The thought process, findings, and methodology were discussed with
co-authors for consensus. The co-authors reviewed the process, the outcome,
and provided feedback to refine the paper.

P;: Systems Thinking: Navigating the Systems of Systems Problem Domain

Authors: Joyce Martin, Jakob Axelsson

Status: To appear in the Systems of Systems Engineering Conference (SoSE),
2026

P; provides a narrative exploration of the SoS problem domain through the use
of established frameworks and tools that elaborate on how control, communica-
tion, and feedback shapes complexity in SoS. The explored tools and framework
included a systemigram, the Sombrero model, Checkland’s soft system method-
ology, Jackson’s critical system practice, complex adaptive system, agent based
modeling and simulation, Meadow’s leverage points, and complexity economics.

Results: P; results include a demonstration of the non-trivial nature of a typical
SoS, and how the use of different tools and framework can assist to elaborate the
SoS problem domain. The systemigram was used to break down the problem
into the main as well as supporting activities. The Sombrero model highlighted
different levels of systems of interest based on the level of observation showing
the fluidity of boundaries in an SoS. The other tools and frameworks highlighted
different schools of thoughts to assist understanding of the SoS by providing
specific kinds of guidance towards different tasks aimed at facilitating improve-
ments, predictability, and balancing of concerns.

My role: I was the main contributor of this study, from conception to paper
writing. I led the paper writing, and the co-author reviewed and improved the
paper’s overall content, presentation, flow, and logic.
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4.2 Research Subgoals

The following sections discuss how the aforementioned research results and their
respective processes and concerns collectively address the research subgoals.
This section references the respective papers [P 4] to [Pr].

4.2.1 Research Subgoal 1 (RSG1)

RS focus was to establish a theoretical foundation for SoS knowledge repre-
sentations and exploration artifacts. This subgoal is addressed through results
which explore the SoS problem domain, established the baseline concepts, and
showed capability dimensions of SoS.

Establishing the SoS Baseline Concepts: Understanding the concept of ca-
pability in the context of SoS [P 4] paved a way towards the initial identification
of sectors, frameworks, and guidelines pertinent to the SoS field. This study
and other narrative reviews supported the baseline of this study, and motivated
that two terms mission and capability form the corner stones of SoS knowl-
edge representation in the context of this research. Further exploration of the
SoS problem domain showed the need to digress from talking requirements to
talking capabilities. This corresponds to that, the engineering of an SoS, is the
engineering of capabilities to achieve specific mission objectives.

Capability Dimensions of SoS: With capability and mission set as baseline
concepts for SoS, the exploration of the concept of capability was done to study
the complexity of planning capabilities for capability configurations [Pr]. In
this context, capability configuration is defined as “a template that provides
arrangement of structures representing the physical and human resources, and
their interactions in a system of systems, assembled to provide a capability”,
modified from [53]. This exploration motivated the choice of three capability-
relevant dimensions of SoS [Pr], i.e., autonomy, interdependence, and evolution.
These dimensions, and their influences on capabilities provided a valuable input
into the complexity of dealing with SoS capabilities. This prompted different
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considerations related to different levels of coupling, cohesion, dynamic, static,
and evolutionary nature of capabilities.

The SoS Problem Domain: As a whole, the SoS problem domain is more than
a capability configuration matrix. It is a complexity problem with underlying
processes and outcomes. To seek means and ways of gaining better understand-
ing of such processes and outcomes, different aspects of systems thinking that
can support understanding an SoS problem were explored. This resulted in
the navigation of the SoS problem domain using cybernetics tools and frame-
works [P;]. The different tools showed their applicability in different aspects
of SoS: Checkland’s Soft System Methodology and Jackson’s Critical System
Practice methods and tools assist to raise questions on how to understand SoS
structure and interrelations. Meadow’s leverage points gives room to explore
different leverage points when intervening in a system, and therefore support the
understanding of feedback, stocks, flows, variables, and dynamics. Complexity
economics provides a guided theme of how an SoS is formed and how it operates,
i.e., the diversity of its CS, how a CS reacts to the bonds they form, how an SoS
operational concept becomes a metaphor of forecasts, actions and strategies,
and the uncertainties involved as a result of independence and autonomy of CS.
Overall, the exploration of these tools and frameworks, offer different kinds of
results including iterative analysis, leverage points, comparative mechanisms,
and critiquing approach.

4.2.2 Research Subgoal 2 (RSG5)

RSG5 focus was to develop a formalized knowledge representation for SoS.
This subgoal is addressed through the implementation of the iterative ontology
development process [Pg] and its major revision [Pg]; formulation of views
from the developed ontology [Pp]; development of a preliminary decision
framework to gauge how the ontology prompts decision making [P<]; ontology
mapping to foundational ontology [P¢], and the formalization and usability
testing of the ontology artifact [Pg].
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Languages and Tools: UML, SySML, OWL and Protégé: The result for
RSG5 is the revised core ontology. This result is shaped through choices of
languages and tools used in the development process. The initial developed
ontology [Pp] was expressed in the Unified Modeling Language (UML). This
ontology was then explored for possible views and attributes in Systems Model-
ing Language (SysML)? [Pp]. The latter version of the ontology [P] was then
formalized in OWL implementation in Protégé*, and checked to be coherent and
consistent.

Although UML, SysML, and OWL are open source languages, with reason-
able recognition in industry, they present different forms and levels of formal-
ization, i.e., a graphical based semi-formal presentation in UML and SysML,
and a textual formal presentation in OWL. The UML representation was a class
diagram that breaks down complexity into manageable concepts and correspond-
ing constraints. UML is a common language inspired by software design, a
language that is easily understood by stakeholders as the roadmap of the artifact.
The use of SysML showed the multidisciplinary aspect of SoS as a context
of systems engineering touching on possible attributes and operations around
missions, capabilities and configurations in an SoS. The OWL notation supports
machine readability aspect of ontology modeling.

The ontology formalization capitalizes on Protégé as a popular editing tool
[P7r]. However, as a tool Protégé has its advantages and limitations. As open-
source OWL implementation in Protégé is readily available, supporting different
reasoning engines, and extensibility through visualizations and querying plugins.
However, mapping the ontology UML model to a corresponding OWL model,
means translating the UML general purpose language to the semantic web
language.This is not a straight forward task, as it maps the closed world with the
open world assumptions. Although there are automated tools to support such
transformations, the UML to OWL transformation was done manually through
specifications of cardinality restrictions, and other constraints declarations. The
aim was to grasp the step by step manual transformation process, and learn the
implications of these choices in the outcomes.

Zhttps://www.uml.org
3https://sysml.org
*https://Protege.stanford.edu/
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Conceptual Understanding: Conceptual understanding entails “understand-
ing the meaning of a concept well enough to be able to adapt, modify and expand
that concept to apply it in novel situations or novel ways” [54]. This entails
not only the factual understanding of the concepts and how these concepts fit
together, but also on how they can be realized and implemented. The following
list narrates the conceptual understanding and specification of the core ontology
concepts.

» System: systems participating in an SoS can be specified by their respec-
tive names or their corresponding collectiveness. For example in a wildfire
management SoS, this can be a ground fire fighting system, and aerial
fire fighting system, both of which are considered as objects. Although
these systems are made of components, in SoS they are more useful as
standalone objects [Ps]. A typical starting point will be to broadly define
systems and categorize them according to specific aspects based on the
SoS at a glance, e.g., aerial systems and ground systems, manned sys-
tems and unmanned systems [Pzr]. Such generalization facilitates a more
categorized and inclusive elicitation process.

» Capability: as a realizable entity, capability is a disposition that can be
expressed to reflect an ability or an action and its corresponding attributes
[P&]. This can therefore be described as a combination of the action, the
means and the performance, e.g., fight fire ground team slow [Pg]. This
corresponds to functional modeling of the CS roles in the SoS. It defines
the what of the CS contribution in the SoS. The output of such functional
modeling contributes towards shaping the stakeholders’ requirements.

» Capability configuration and constellation: capability configuration de-
fines the structural information entity detailing the responsive functional
elements that create the behavioral aspects of the SoS [Pg]. This structure
is realized in constellations. Therefore capability configurations and con-
stellations represent the structural and the physical modeling aspects of
an SoS respectively. The structural model can be infused with parametric
model to specify performance metrics, constraints and tradeoffs. A typical
capability configuration defines a template of possibilities and tradeoffs,
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how configuration and choices uplift one quality attribute at the expense
of another, e.g., capability configuration for fast moving fire involves
systems with speed quality attribute, that may come at the expense of cost
structures, and the difficulty of navigating the fire terrain [Pg].

* Mission and mission thread: mission is a planned process that implements
specific plan specification [Pg], i.e., mission thread. A mission is therefore
a connection between a plan specification and an objective specification. A
typical practice will be dividing the mission into several submissions, e.g.,
a fire fighting mission is broken down into fire detection and fire control
sub-missions. These submissions are then allocated to mission threads.
A mission thread prescribes what is done in the process of transforming
inputs to outputs, and the output of the process. A comprehensive fire
detection sub-mission may include: observation-based smoke detection,
drone-based fire perimeter analysis, metereological-based fire direction
prediction, and ground-based fire measurements mission threads [Pg].

4.2.3 Research Subgoal 3 (RSG3)

RSG5 focused on the verification, validation and evaluation of the developed so-
lution. This subgoal is addressed through results which verify the core ontology
as part of the iterative ontology development process; validate the core ontology
through the ontology formalization process; align the core ontology to a founda-
tional ontology for philosophical clarity; and an expert survey that implements
an ontology evaluation methodology to gather feedback from stakeholders.

Verification: Verification is achieved in different steps: the iterative ontology
development employed brainstorming sessions, discussions, workshops, case
study illustrations and demonstrations to communicate and receive feedback
from stakeholders [Pg]. This supported that the ontology specifications are met.
The verification was further extended through the decision framework to check
how the ontology prompts different decisions that are important in SoS [P¢],
and the development of systems engineering views to explore possible views in
an SoS [Pp].
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Validation: Validation is achieved through consistency and coherent check of
the formalized ontology in Protégé OWL [Ps]. These checked that the artifact
is coherent, consistent, and usable with no identifiable errors. The formalized
ontology was tested to address the categories of questions related to decision
framework defined in [Pc]. These questions were reformulated to reflect the
revised version of the core ontology [Pf]. Ontology measures and anomalies
are checked through the use of the third party automated ontology checker tool,
OntoMetrics. This tool showed relationship richness of 0.48, and axiom class
ratio of 11.89. These measures are indicative of the diversity of relationships,
and the level of expressiveness, respectively [Pg]. These values show that
there is room for improvement of the ontology artifact. The ontology is also
validated through a forward traceability in a wildfire management SoS case
study demonstrating how high-level questions are broken down into competence
questions [Pg].

Evaluation: Evaluation in this context refers to a third part expert survey of the
developed ontology to collect opinions and suggestions for further improvements.
The result of this survey-based evaluation [Pg] motivated a major revision of the
concepts and their corresponding relationships. This led to the revision of the
ontology, from thirteen concepts to eight concepts. The focus was on improving
the ontology compactness and usability, and to minimize ambiguity.
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4.3 Mapping of Research Goals to Research Papers

Table 4.1 summarizes the mapping of the respective research subgoals RSGx to

the research papers Px.

Table 4.1. Mapping of the research subgoals to the research papers

domain

Summary of content Paper | RSG; | RSGs | RSG3
The capability concept, an SLR Py v’
Core ontology development Pp v’ v’
Decisions supported by the core Pe v o
ontology
Ontology views, a SysML approach Pp v’ v’
Survey-based ontology evaluation Pgr v’
Capability configuration exploration Pr v’
Ontology mapping, core to foundation

Pg v’
ontology
Ontology usability, formalization and

. Py v’

application
Systems thinking, the SoS problem

P; v’

* RSG; Theoretical foundation for SoS knowledge representations
* RSGy A formalized knowledge representations for SoS
¢ RSGg Evaluation, verification, and validation of the artifact
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Discussion

This chapter discusses the experience of doing this research. The discussion
focuses on some aspects of the ontology development process, practical SoS
modeling perspectives that support conceptual understanding through tools and
languages, and SoSE supported by this ontological representation.

5.1 Ontology Development

This thesis develops a core ontology, not a domain or an application ontology.
This, automatically limits the scope to a minimalist representation of an SoS.
The development of this core ontology meant both inductive as well as deductive
reasoning, i.e., broad to specific concepts to create a generalized theoretical
understanding, and testing the applicability of the generalized theory in serving
the different SoS domains. The inductive reasoning explores and creates cate-
gories which are deemed necessary for the agreed upon ontological commitment
to serve the purpose of the artifact, the deductive reasoning helps us test the
applicability of the ontology artifact. This meant a mix of the adaptability of
inductive reasoning, and an expected correct conclusion of the deductive reason-
ing. This is as a clash between change and certainty, a typical reflection of the
to-and-fro of knowledge representation research.

45
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5.2 Use of Languages and Tools

The ontology artifact was developed in UML, exemplified in SySML and for-
malized in an OWL implementation in the Protégé ontology editor. These tools
serve different purposes, provide different levels of formalization, and subse-
quently serve different stakeholders. This demonstrated not only the varying
purposes, but also the varying stakeholders of ontology-driven research. That
means one can think of an SoS as an object-oriented software problem, build it
up to an MBSE-related problem, and then apply logic-based language to define a
semantic-related problem for machine readability. This translation is a function
of the reconciliation of assumptions, semantics, expressiveness, and subjective
to the choice of tooling and associated constraints.

5.3 SoSE Supported by Knowledge Representation

The knowledge representation achieved through the formalized core ontology
offers a structured decision framework, and insights into how the SoS heuristics
can be further supported.

5.3.1 Decision Framework for SoS Thinking

With reference to a study that is part of this thesis, the exploratory study that
extracted decisions supported by core ontology [P¢], provided a decision frame-
work for the first version of the ontology. The improved version of the ontology
further refines these decisions. These decisions can be considered as an explicit
list of questions which offer a first line of probing into an SoS:

* Which systems are part of the SoS?

* Which capabilities are provided by these systems?

* Which CS capabilities are part of which capability configuration?
* Which SoS capability is addressed by the capability configuration?
* Which missions is the SoS designed for?

* Which mission thread are part of which mission?

* Which constellations address these mission threads?

* Which systems are part of which constellation?
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These structured questions are meant to motivate thinking, to deconstruct
the truth, and allow stakeholders to challenge different assumptions. This
probing is the starting point towards creating SoS thinking principles. With
reference to literature on thinking principles, this initial probing provided by
the core ontology may be further supplemented by other thinking principles.
Such principles may include, the first principles thinking [55], and Socrates
reasoning [56]. A deeper look into these methods may offer an interesting
learning experience.

5.3.2 The Ontology Concepts and the SoS Heuristics

Due to the multi-dimensional aspects of SoS, the use of heuristics is inevitable.
The SoS design heuristics defined by Maier [5] and elaborated in Section 2.1.1
form the baseline for SoS heuristics. To explore how these SoS heuristics are
reflected in the conceptualization represented by the core ontology:

* Stable intermediary forms: is reflected in the formation of constellations.

* Policy triage: is reflected in the template based design specification of the
capability configuration, in turn capability configuration must show the
utility-based decisions amidst constraints.

» Leverage at the interface: is reflected in the implementation of mission
threads, i.e., how robust the configurations options are towards the imple-
mentation of the plan specification of the mission threads.

* Balancing incentives with participation: is reflected in the collective
implementation of choosing the right SoS categorization for the right
implementation.






Chapter 6

Conclusions

This thesis aimed to achieve an overall goal of developing a conceptual under-
standing of an SoS, geared towards contributing to research and practice of
envisioning an SoS, and supporting the development of SoS thinking principles.
It adopted an ontology-driven approach to create a knowledge representation
artifact. The developed artifact was a core ontology, an application agnostic tool
which highlights a minimal list of concepts and their corresponding relationships.
The overall goal is divided into three subgoals: the development of a theoretical
foundation for SoS knowledge representation; the development of the formalized
knowledge representation; and the verification, validation, and evaluation of
the developed artifact. These subgoals were contributed through nine research
papers. These papers employed different methodologies and methods ranging
from a systematic literature review, artifact development, exploratory analyses,
artifact usability and formalization, and a survey-based evaluation study.

These research studies built on each other and continually challenged our
understanding of the SoS problem domain, and collectively contributed towards
addressing the overall research goal. The thesis started with establishing the
theoretical foundation fo the development of SoS knowledge representation and
exploration artifacts. This developed our understanding of the SoS landscape
through understanding the concept of capability in SoS, capability exploration,
and systems thinking on the SoS problem domain. This was followed with an it-
erative development of the ontology artifact, and thereafter ontology assessment.
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These created both the formalized core ontology artifact, and solution checking
of the ontology artifact.

Collectively, these results provide a grounded skeletal-like framework with
the potential of streamlining the understanding of SoS. The core ontology
provides a modular semantic tool that allows one to plan and envision their SoS.
It is philosophically aligned with an established foundational ontology, therefore,
semantically responsive to what an SoS is. It is developed to facilitate unified
understanding, provide guided modeling support, allow one to deconstruct and
reconstruct the SoS problem, gauge the assumptions and tradeoffs, and therefore
supports a way of thinking that can constitute SoS thinking principles. As
a knowledge representation research, there is always room for improvement
as scientific knowledge continually evolve alongside evolving methodologies,
tooling support, and mental models.

6.1 Future Prospects

In the course of the implementation of this ontology-driven conceptual modeling
of SoS, different possibilities and options were encountered. These possibilities
resulted into choices and tradeoffs. As in other research pursuits, there is
room for improvement in different areas in both the conceptualization and the
representation. Some of these improvement could be addressed through different
prospects and options. These are highlighted in this section as future research
prospects.

Ontology alignment. This research employed methods that implemented a
manual alignment of the core ontology to a foundational ontology. However,
ontology alignment is rather a complex context dependent, stakeholder driven,
and inherently not fully deterministic process. This makes the subject of the
ontology alignment process interesting for further exploration. Furthermore,
comparisons among mapping with different foundational ontologies can further
explain any inconsistencies, and other possible factors that may affect ontology
use and extension.
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Bridging conceptualization and implementation. There exist several auto-
mated tools that can support bridging conceptualization and implementation.
Chowlk! [57], and model2ow1? are examples of automated tools. The use of
automated transformation is an area that can benefit from further research. This
can include studies on particular tools, explanation of their inherent errors, and
identification of areas of usefulness and constraints in relation to the purposes
of the specific ontology artifacts.

Artifact assessment. The employed research process included assessment of
the developed artifact. This incorporated verification, validation and evaluation
processes. These processes correspond to requirement checking, product testing
and value checking, respectively. This thesis explored some aspects of ontol-
ogy assessment, however, further assessment attempts can further improve the
credibility of the ontology artifact. This can be through validation with other
complex SoS varieties, e.g., in the health sector or smart grid solutions, to further
demonstrate the scalability and robustness of the developed artifact. Another
area for further research include the use and comparison of automated ontol-
ogy assessment tools, and seeking moderation of their correctness to establish
acceptability of such tools for different ontology performance metrics. These
improvements have the potential to propel better understanding of ontology
metrics, and consequently, improve the credibility of ontology artifacts.

"https://github.com/oeg-upm/Chowlk
2https://github.com/OP-TED/model2owl
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