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SUMMARY

Increasing complexity in engineering design has resulted from the continuous ad-
vancement of technology over the past few decades. Over the years, engineers have
explored various ways to manage complexity during the di erent design phases. This
has led to the emergence of Systems Engineering. The initial and traditional e orts
in systems engineering were document-centric. Documents were used to describe sys-
tems, communicate with stakeholders, and collaborate with teams. However, this
came with certain challenges, including di culty updating these documents due to
the static nature of paper, some valuable information lost in the communication pro-
cess, and di culty managing large amounts of information.

Recent years have seen a paradigm shift from document-based to model-based
approaches in the form of Model-Based Systems Engineering (MBSE). In MBSE, the
engineer's work is centered around the model, which is the key artifact of the system
being designed. The model also serves as a single source of truth for the system,
allowing for improved communication, quality, productivity, reduced risks, and cost.
Though, with MBSE being a relatively new area of systems engineering, it comes with
its challenges. Existing MBSE methodologies are high-level and lack clear criteria on
how to properly decompose a system. In addition to its high learning curve and high
investment cost, the adoption of MBSE may lead to issues with tool integration and
compatibility, depending on the organization.

Despite the introduction of MBSE, many systems engineering practices are still
based on heuristics, and engineers rely on prior experience or trial and error ap-
proaches to implement systems engineering methods. Although existing methodolo-
gies outline important aspects of the system design process, they do not de ne or
provide guidance on how these aspects should be achieved. Recently, International

Council on Systems Engineering (INCOSE), the systems engineering professional so-
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ciety, together with engineers have tried to establish industry standards to formalize
the application of systems engineering. Some of these include the use of Systems
Modeling Language (SysML) as the de facto language to describe general-purpose
systems and the establishment of various methodologies for designing complex sys-
tems. INCOSE has also sought to establish formal and theoretical methods in systems
engineering that are grounded in science and mathematics. Using formal and theoret-
ical methods, a system can be represented and the relationships between its elements
can be better understood.

Integrated Product and Process Development (IPPD) has emerged as a system-
atic approach to manage the development of complex systems from early integration
through a system'’s life cycle and could be considered the overall construct for system
design problems. A fundamental aspect of the IPPD process is the decomposition
aspect of the system. The decomposition of a system consists of the di erent views
used to understand and represent a system, from the customer and stakeholder re-
qguirements to the physical design. With the emergence of MBSE, Requirements,
Functional, Logical, and Physical (RFLP) is an important framework used in system
decomposition. However, similar to many MBSE approaches, the RFLP framework
operates at a high level and does not provide guidance on decomposing stakeholder
requirements into the system's functional, logical, and physical architecture. This led
to the motivating question for this dissertation, with the aim to explore ways to im-
prove and e ectively translate the decomposition process within the RFLP framework
into a system design that satis es stakeholder requirements.

A research objective was identi ed with the aim to develop and implement a
method that facilitates a rigorous system decomposition process in a more formal
and structured manner using a set of theoretical foundations based on mathemati-
cal principles to e ectively characterize a system. From this research objective, an

overarching research question for this dissertation was formulated with the aim to
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establish structure between the product and analysis architectures during system de-
composition to allow for the design of better and improved systems, especially during
the conceptual stages of design. To improve the decomposition process and create a
structure within the RFLP framework, a thorough literature review of possible the-
oretical methods was conducted. Axiomatic Design Theory (ADT) was identi ed as
the most suitable method that can aid in the structured decomposition of a system
while placing emphasis on minimizing coupling and improving the system'’s robust-
ness. An in-depth examination of ADT and its potential integration with the RFLP
framework revealed several limitations, which this dissertation addresses across the
various research areas.

The rst research area focuses on improving the requirements process in ADT and
RFLP. ADT requirement process emphasizes on functional requirements (FR), with
no explicit consideration for non-functional requirements (NFR) during requirement
analysis. Requirements in RFLP, while high-level, also gear towards functional re-
quirements, with the requirements being mapped to the functions in the framework.
A requirements analysis process is developed to categorize stakeholder requirements
into functional and non-functional requirements, provide a framework to establish
the relationships between the dierent types of requirements, and allow for high-
level requirements to be broken down into concrete and clear requirements within the
product and analysis architectures.

The second research area focuses on integrating concepts from Axiomatic Design
Theory (ADT) into the RFLP framework. The Independence axiom from axiomatic
design, together with its zigzagging attribute, is used to decompose the functional
and logical layers of the RFLP framework and help create a structure during design.
Also, the resulting design matrix from ADT is used to understand the functional cou-
plings that exist in the design once the mappings between both functional and logical

layers are complete. This research area also explores ways physical couplings can be
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identi ed, and the Design Structure Matrix (DSM) was identi ed as an e ective way

to understand interactions between system elements. Through a combination of their
strengths, ADT and DSM can be used together to identify couplings in the functional
and physical spaces, and respective analyses can be performed to minimize these cou-
plings in design. As part of this research area, a process of mapping between the
decomposed stakeholder requirements to the functional, logical, and physical layers
was established for both the product and analysis architectures.

The third research area focuses on the identi cation of suitable analysis methods
during system decomposition within the analysis architecture. In conceptual design,
analysis methods are achieved through simulation. Therefore, the selection of the
respective analysis methods is based on capturing the physics of the problem, while
taking into consideration available resources, cost, time, etc. During conceptual de-
sign, the selection of a suitable analysis method may be challenging, especially when
model data is limited. Properly identifying a suitable analysis method facilitates
informed decision-making during system design. The integration of model delity
analysis into the decomposition process is proposed, and a framework to perform
model delity analysis on models where model data is unavailable is identi ed.

From a combination of the three research areas, a ten-step methodology, SPAAD,
is proposed that outlines the steps to perform a systems decomposition from the
stakeholder requirements to the development of the functional, logical, and physical
architectures for both the product and analysis architectures or domains. Through
RFLP, the methodology enforces the integration of the functional and logical archi-
tecture layers into the system design process and emphasizes a concurrent systems
design approach where both the product and analysis architectures are decomposed
in parallel. The methodology was substantiated through a test case that involved
the design of a suite of systems to aid in the ght against wild res in remote loca-

tions. This developed methodology introduces structure, enforces traceability, and
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aids in the identi cation of couplings during system design. It also facilitates the de-
velopment of a robust design through the integration of the Information axiom from

ADT.
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CHAPTER 1
INTRODUCTION AND MOTIVATION

1.1 Engineering Design: Increasing Complexity

Increasing customer requirements and the demand for more integrated systems are
the leading causes of increasing complexity in engineered systems. Engineering de-
sign since the fourth industrial revolution has been geared towards the development
of cyber-physical systems (CPS), arti cial intelligence, cloud computing, the Internet

of Things (IoT), etc. The fourth industrial revolution aimed to create interconnec-
tion and communication between the end users and products. The fth industrial
revolution is already ahead of us, and it aims to improve collaborative interactions
between humans and products. Systems design today is not only about creating a
product that satis es a customer's need, but also about developing a product that

places emphasis on improving e ciency, performance, and productivity.

Figure 1.1: Depiction of industrial revolution over the years. Image credit: Nickel
Institute.

The aircraft is a very complex system, and "its mission complexity is growing faster
than our ability to manage it" [1]. Inadequate speci cations increase mission risk due

to incomplete veri cation of stakeholder requirements. The INCOSE vision 2025
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document and the newly published 2035 document highlight increasing complexity
as a challenge in engineering [1, 2]. Engineered systems that are too complex can
result in higher product lifecycle costs, costly design processes, complicated supply
chains that pose logistical problems, di culty maintaining and servicing systems due

to multiple failure modes, and di cult engineering change processes, which makes
adaptations and updates more challenging to implement [3].

Cilliers identi ed some characteristics of complex systems in his book [4]. In
complex systems, there are usually many elements, dynamic interactions (both phys-
ical and information), nonlinear and short-range interactions, positive feedback loops
(enhancing, stimulating) or negative feedback loops (detracting, inhibiting), open sys-
tems (interact with the environment), operate in conditions far from equilibrium, and
have history (past behavior in uences current behavior). Lastly, Cilliers maintains
that each element of a complex system responds only to local information and acts
independently of the system as a whole.

Systems Engineering emerged as a way to mitigate complexity and risk in engi-
neered systems. Sheard and Mostashari relate complexity to systems engineering by
establishing a framework to understand the di erent types of complexity [5]. The
framework categorizes complexity into six types: three structural complexities, two
dynamic complexities, and one socio-political complexity [5]. Structural complexity
consists of size, connectivity, and architecture, while dynamic complexity consists
of short and long-term complexities. The size is the number of elements that are
present in the system. Connectivity refers to the number, type, and strength of the
relationships among elements within a system. Architecture refers to the patterns
or arrangements of the interconnections among these system elements. Short-term
dynamic complexity refers to sudden changes in a system's behavior that could result
due to several factors, e.g., feedback loop, etc., while long-term dynamic complexity

results from evolution and growth over time [5]. Socio-political complexity arises from



the stakeholders involved in the development of a system, e.g., multiple perspectives,

teams, priorities, etc.

1.2 Systems Engineering as a Solution

1.2.1 A Brief History

The origins of Systems Engineering can be traced back to Bell Laboratories in the
early 1900s, with some signi cant applications used during World War II. During
the 1940s, the Department of Defense (DOD) began developing missiles and missile-
defense systems using systems engineering techniques. Systems analysis was created
by RAND Corporation in 1946, and four years later, the rst attempt to teach systems
engineering was made by G. W. Gilman (Director of Systems Engineering at Bell)
[6].

Goode and Machol published "Systems Engineering” in 1957, in which they ob-
served a phenomenon of systems thinking and di erent approaches to engineering
design. DOD published the rst systems engineering standards in 1966, primarily
for defense systems [7]. In 1990, the rst professional society for systems engineering
was formed by members of some US companies and organizations. The society was
initially named the National Council on Systems Engineering (NCOSE). In 1995, the
society changed its name to the International Council on Systems Engineering (IN-
COSE) due to increasing interests from outside the United States. Today, INCOSE
serves as an authoritative body that promotes the application of an interdisciplinary

systems approach that enables the realization of successful systems.

1.2.2 Needfor SystemsEngineering

A characteristic of complex systems identi ed by Cilliers [4] is the independent be-
havior of each element from the overall system behavior. Designing complex systems

requires an understanding of how the system behaves as a whole and how components
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within the system are connected. Individual components act di erently when isolated,
and when combined, they exhibit a new behavior. As more systems are integrated
and connected, they exhibit new behaviors that may be unknown to the designer. The
new behavior is called "emergence" and understanding it requires systems thinking.
The road transportation network is an example of an emergent system, and tra c
congestion is an emergent property. As shown in Figure 1.2, tra ¢ congestion occurs

when multiple vehicles interact with one another.

Figure 1.2: Emergence is normally the result of multiple interacting parts. Image
generated using DALL-E.

The need to identify and control the properties of a system in complex engineer-
ing projects has motivated various industries to apply systems thinking to design

problems, especially regarding military applications.

INCOSE de nes systems engineering as

"an interdisciplinary and integrative approach to enable the successful realiza-

tion, use, and retirement of engineered systems, using systems thinking prin

ciples and concepts, and scienti ¢, technological, and management methods

[8].




1.2.3 Document-BasedSystemsEngineering

For many years, traditional systems engineering practices have mainly focused on
document-centric approaches to describing systems. This means that documents are
the primary means of information exchange between stakeholders, engineers, and
designers. Among these documents are text, ad-hoc diagrams, multiple documents,
and spreadsheets. The primary issue with this is that the model is only as good as the
information explicitly stated in the documents [9]. When the document is transferred
across multiple people, any information not speci ed correctly in the document only
exists in the author's mental image and could be lost in translation.

Additionally, stakeholders and engineering requirements are isolated from the
structure and behavior of the system. As a result, the system under design will likely
lack proper traceability from requirements to structural and behavioral elements or to
design decisions. The engineering data and diagrams in this form of systems engineer-
ing are also static, and updates to designs and information are manually propagated
across these documents. Managing these documents becomes increasingly cumber-
some and time-consuming as the system becomes more complex, resulting in errors
and inconsistencies in the models [9].

However, a document-based approach remains the best and only way to commu-
nicate with stakeholders, especially non-technical stakeholders. The need to design
systems that are dynamic, have good traceability, are less cumbersome and time-
consuming, and have minimal errors led to the emergence of Model-Based Systems

Engineering (MBSE).

1.2.4 Model-BasedSystemsEngineering(MBSE)

MBSE is a systems engineering methodology developed based on the recognition that
models should become the central artifact in system design and life cycles. The

model serves as a single source of truth, and it captures information that represents
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the system being designed. The use of a common model or a set of models enables
traceability, consistency, and supports veri cation and validation of system require-
ments [9]. In MBSE, documents can be generated from the models to communicate

the current state of the system with stakeholders.

Figure 1.3: Transition from Document-Centric to Model-Based Systems Engineering

The term MBSE was rst used by Wymore in his book [10], where he covered
fundamental mathematical theories behind the design of model-based systems, in-
cluding system coupling, homomorphism, and mathematical structure of system re-

guirements.

INCOSE de nes MBSE as:

"the formalized application of modeling to support system requirements, design,

analysis, veri cation and validation activities beginning in the conceptual de-
sign phase and continuing throughout development and later life cycle phases

[11].

According to Shevchenko [12], MBSE combines the concepts of a model, systems
thinking, and systems engineering. The use of MBSE in systems engineering has led
to a series of advantages, including improved communication with stakeholders and
within engineering teams. Also, improved quality of engineering products through

the early identi cation of requirement issues, knowledge capture in the early phases



of design, better requirement traceability, and fewer errors during integration and
testing. MBSE allows for high productivity levels through rapid propagation of up-
dates across models, reuse of existing models in di erent design work, and automated
document generation. In addition, early and continuous veri cation and validation

of requirements reduce costs and risks [12, 13, 14].

Model-Based Environment

A model is an abstraction of reality that eliminates the unnecessary aspects of a
system. It is a simpli ed version of a concept, phenomenon, relationship, or structure
of a system [12, 13, 15]. A model could be a graphical, mathematical, or physical

representation. There are four elements of a model [14], each of which is highlighted

in Table 1.1.
Table 1.1: Four major elements of a model [14]
Elements Description
Language Allows for system description and speci cation by express-
ing and representing the model clearly.
Structure Allows the model to capture system behavior through rela-
tionships.
Argumentation Model must be capable of making an argument that the
system satis es stakeholder's requirements.
Presentation Model must include a mechanism to present the argument

in an easily understandable manner.

MBSE does not formally specify how processes should be implemented, but any
methodology used should capture the major aspects of systems engineering, including

requirements, structure, behavior, veri cation and validation (V&V) [12].



1.3 Integrated Product and Process Development (IPPD)

As systems become more complex, organizations have explored various ways to man-
age product development while minimizing costs. Sometimes, system development is
more product-driven than process-driven, and depending on the system being built,
this may result in signi cant ine ciencies throughout the entire development pro-
cess. A well-understood manufacturing or development process results in a superior
product [16]. In response to increasing product complexity, more integrated systems,
competitive pressures, technological advancements, and the need for e ciency and
customer focus, Integrated Product and Process Development (IPPD) emerged in
the second half of the 20th century.

IPPD is a management approach that integrates all aspects of a product's life
cycle, from conception to disposal, focusing on the customer's needs [16]. Since its
introduction, IPPD has become a widely accepted and used process. The DOD
has required the use of IPPD where practical and applicable throughout the DOD
acquisition process for major systems [16, 17]. As a systems engineering process,
IPPD evolved from concurrent engineering and incorporates strong business practices
with reasonable decision-making [16]. Implementation of IPPD varies by product and
process, and there is no single solution or implementation strategy. A generic IPPD
iterative process is shown in Figure 1.4 [16].

The rst step of the IPPD process is identifying and understanding the customer
requirements. The disciplined approach includes the tools for development, orga-
nization and collaboration among teams working on the product, and the di erent
development processes required to achieve a nal product. Finally, the product and
associated processes include the validation and the customer's satisfaction with the
nal product. Central to these three pillars is the customer, who provides feedback

regarding the product being developed. There are ten key tenets of IPPD identi ed



Figure 1.4. A Generic IPPD Process [16]

by the DOD, and among these tenets include customer focus, concurrent development
of products and processes, proactive identi cation and management of risk, and early
and continuous life cycle planning [16].

The use of IPPD in the development of a system results in increased knowledge
during the conceptual phases of design, which allows for signi cant changes early in
the development process when costs are low. Figure 1.5 highlights the generic IPPD
process used in aerospace systems design [18, 19, 20]. The process consists of four
pillars, which are a Computer Integrated Environment (CIE), Quality Engineering
(QE) methods and tools, Top-Down Design Decision Support (TD3S) process, and
Systems Engineering (SE) methods and tools.

Systems engineering methods and tools focus on product design and decomposi-
tion, while quality engineering methods and tools concentrate on process design and
recomposition [18]. The arrows between the di erent pillars represent information
ow. Trade-o assessment is done in the Top-Down Design Decision Support pro-
cess, and a timely integration, cycle time reduction, and decision-making require the
use of a computer-integrated environment [18]. The shaded sub-elements represent
the key iteration that goes through the systems engineering methods, decision support

process, and quality engineering methods.



Figure 1.5: Aerospace Systems Design Generic IPPD Process [18, 19, 20]

1.4 Systems Engineering Processes

Fundamental to the IPPD process is the decomposition aspect of a system and the de-
velopment of a systems architecture. Many systems engineering methodologies have
been developed over the years to help provide structured approaches to developing
and managing complex systems. These methodologies help ensure that all parts of
the system work together to achieve a desired outcome. Systems engineering method-
ologies provide a framework for the development of the architecture of a system by

outlining the processes and stages necessary for conceptualizing, de ning, and detail-
ing a systems architecture.

Di erent systems engineering methodologies are suited to di erent types of projects.
The systems engineering "Vee" is a foundation for most systems engineering method-
ologies. The Forsberg and Moog's \Vee" Model, shown in Figure 1.6, is the most
popular lifecycle development model used in both systems engineering and develop-

ment [21]. The rst half of the "Vee" focuses on the development phases of the system,
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while the second part is focused on the integration, veri cation and validation of the
system being designed. Other common systems engineering models include Bohem's

Spiral Model [22] and Royce's Waterfall Model [23].

Figure 1.6: Systems Engineering lifecycle development process (from [24])

In the "Vee" model, decomposition and de nition are repeated until the speci -
cations of the system are met. The right side of the "Vee" represents analysis, while
the left side represents synthesis.

The systems engineering process consists of three elements: Requirement analy-
sis, Functional Analysis and Allocation, and Design Synthesis, as shown in Figure 1.7
[25]. All three elements are balanced by techniques and tools called System Analysis
and Control to help analyze and control the systems engineering process. The sys-
tems engineering process is applied sequentially through each stage of the life cycle
development of a system. The system architecture is developed during the systems

engineering process to better describe and understand the system [25].

1.4.1 SystemsEngineeringMethodologies

As previously mentioned, systems engineering has been moving towards model-based

approaches in recent years. Many MBSE methodologies have been developed and
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Figure 1.7: Systems Engineering Process (Adapted from [25])

are widely used today in the industry to aid the designer in maximizing knowledge
and capturing the required information during conceptual design. Some of these
methodologies are more tailored towards a speci ¢ kind of system. The e ectiveness
of the methodologies depends on a variety of factors, including the choice of tools,
implementation, and expertise of the designer using it. The leading methodologies
used for holistic and lifecycle systems engineering have been highlighted by Estefan
[21]. Some of these methodologies are highlighted in Table 1.2. For more information
regarding each speci c methodology, please refer to [15, 21].

Each of the methodologies identi ed in Table 1.2 is consistent with the systems
engineering process and attempts to take a holistic approach to complex systems
design. Some of these methodologies require speci ¢ modeling tools and languages
for optimal implementation (Harmony-SE, RUP SE, OPM, and Vitech's MBSE).
Based on object-oriented design principles, OOSEM emphasizes the integration of
system behavior into the overall structure of the system. Through its own graphical
and textual modeling language, OPM integrates structural (objects) and behavioral
(processes) aspects of systems into a uni ed modeling framework. System states are

the primary means of de ning behavior in the JPL state analysis. It is suitable for
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Table 1.2: Leading MBSE Methodologies used in the industry today [21, 26, 27]

Name Description

IBM Telelogic Harmony-SE Supports structural and behavioral modeling
through requirements, functional analysis, and ar-
chitectural design; tool independent

INCOSE Object-Oriented Uses object-oriented concepts to support speci ca-
Systems Engineering Method tion, analysis, design, and veri cation of systems;
(OOSEM) Framework Independent; Top-down approach

IBM Rational Uni ed Process for Created to apply best software development prac-
Systems Engineering (RUP SE) tices to systems engineering; De nes the "Who",
for Model Driven Systems "What", and "How" during systems design
Development (MDSD)

Vitech Model-Based System Based on four domains: requirements, behavior, ar-

Engineering (MBSE) chitecture, and V&V; tool independent

Methodology

JPL State Analysis (SA) Primarily for state-based software design, behav-
ioral modeling, and operations engineering; tool de-
pendent

Object-Process Methodology Holistic approach to general purpose systems using

(OPM) objects, process and state; methodology and a for-

mal language; tool dependent

highly complex and critical systems [21].

Most MBSE methodologies focus on product development, speci cally on the re-
quirements structure, component or physical structure, and behavioral properties of
the system. The methodologies all provide a high-level process that shows the allo-
cation from requirements to physical components or architecture design. However,
they lack guidance on how to properly decompose requirements through the physical
designs. Also, while these methodologies support the hierarchical breakdown of com-
plex systems and facilitate comparative analysis between architectural options, they
may not provide a framework that explicitly integrates concurrent consideration of
design solutions as part of the decomposition process. This often requires supplemen-

tary processes or strategies to fully integrate design considerations or analysis options
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during system decomposition. This leads to the rst observation of this thesis:

Observation 1

MBSE methodologies typically o er robust frameworks for system decompo-

sition and architectural analysis. However, their e ectiveness and depth of
guidance may not be su cient for designers with limited systems engineering
expertise, requiring additional training or support to fully utilize these method-

ologies.

1.4.2 The Requirements, Functional, Logical, and Physical (RFLP}ramework

The RFLP is a popular framework used to guide the development and decomposition
process of complex systems. The framework was established by Dassault Sysemes
[28] with the aim to help increase the understanding of the development process and
product during system design. As previously mentioned, most MBSE methodologies
and frameworks have two primary structures: requirements and the physical structure
of the system with some addition of the behavioral properties. RFLP goes beyond the
requirement and component structures, with the addition of two layers (functional and
logical structures) to help understand the di erent aspects of a design. This ensures
a structured approach from initial requirements through the physical implementation

of the system. The following gives an overview of each layer or structure in the RFLP

framework.

Requirement (R) Structure

The requirement layer aims to answer the question, "what is needed?". It involves the
identi cation, documentation, and management of the system's requirements. The
di erent requirements derived from stakeholder needs, constraints, and regulatory

standards are captured in the requirements layer.
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Functional (F) Structure

The functional layer asks "what" the system needs to accomplish. This de nes the
need space. In this stage, the requirements de ned in the requirement structure are
translated to specic functions the system must perform. The system behaviors,

inputs, outputs, and processes are de ned in this stage.

Logical (L) Structure

The logical layer de nes "how" the objectives will be accomplished. It de nes the
solution space. In this layer, a logical model of the system is developed that speci es
how the functions interact without being tied to any speci c physical components.
The architecture of the system in terms of functional modules, data ow, and control

logic is developed within the logical layer.

Physical (P) Structure

The physical layer de nes how the architecture in the logical layer is implemented.
This layer speci es the physical components, hardware, software, and other elements
necessary to perform the identi ed functions. In contrast to the logical layer, which is
technology-independent, the physical layer translates the architecture de ned in the
logical layer into tangible and deployable systems.

The decomposition process using RFLP is iterative, and feedback from one layer
can lead to revisions in other layers. The views presented in the RFLP framework
are not new and are normally used to de ne products during conceptual design [28,
29]. Having a link between the requirements and the physical product emphasizes
the traceability attribute of systems engineering. Also, this allows requirements to be
directly linked to design decisions. Additionally, it allows for systematic innovation
during design by clearly separating the need space from the solution space.

Through its holistic approach to addressing the di erent aspects of a system, such
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as requirements, functional design, logical arrangement, and physical implementation,
the RFLP framework provides the foundation for developing a systems architecture.
An important note is that RFLP is a framework and not a methodology [28, 30, 31].
A methodology, Modeling Methodology for Systems (MMS), was created by Dassault
Sysemes, which leverages the RFLP framework.

RFLP has its own drawbacks. Though it creates a traceability procedure from
requirements to the physical product, some of the de nitions are not standardized.
There is a lot of debate about the de nitions, especially with respect to the logical
layer. Although the logical layer answers "how is it done" questions during design,
there is an argument that the physical layer could also answer these questions. RFLP
also places a lot of emphasis on functional requirements and their corresponding
performance requirements for a system. There is no primary focus on other non-
functional requirements, including physical requirements and design constraints. The
RFLP framework is also focused on the development of hardware systems, with little
to no clear guidance on software development and integration. Finally, RFLP lacks
clear guidance on the decomposition process between the di erent layers. From this,

the second observation for this thesis can be formulated:

RFLP framework provides a systematic approach to system decomposition ang

introduces structure in the process by transitioning from what a system must
do to how it does it. However, it has some drawbacks, which include a lack o
standard de nitions, a primary focus on functional requirements, and a lack of

software integration.

Some applications of the RFLP framework include the design of an Unmanned
Aerial System (UAS) [29], early assembly process planning for integration of aircraft

systems [30], and the design of a robotic system [31].
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1.4.3 SystemsArchitecture

There have been a few references to systems architecture in the previous sections. It
is now time to de ne what this means in the context of systems engineering. The
international standard de nes architecture as the fundamental concept and guiding
principles that govern the evolution and realization of an entity within its environment
[32]. Crawley, et al. [33] de ne architecture as "an abstract description of the entities
of a system and the relationship that exists between those entities”. The entities are
the elements that form the system's structure, while the behavior is the relationship
between those entities. Therefore, the combination of structure and behavior gives
information about the functionality of a system [34]. An architecture could also be
seen as a set of decisions in human systems [33].

During the design of complex systems, many architectural decisions need to be
made without understanding the full scope of the system [33]. These decisions usu-
ally have a signi cant impact on how the system is designed. System architecture
ensures the system ful lls stakeholder requirements, is designed for optimal perfor-
mance, allows for scalability and exibility, and is reliable and easy to maintain.
There are various processes involved in the development of an architecture, including
requirement analysis, design synthesis, and veri cation and validation activities. The
development of a systems architecture is an iterative process.

From the life-cycle development "Vee" model highlighted in Figure 1.8, the cre-
ation of a systems architecture normally occurs during the development phases of a
product [35]. As previously mentioned, the systems engineering "vee" is an iterative
process that occurs at all stages of a system development [36]. Veri cation and val-
idation activities occur at each stage of the development of a systems architecture.
During conceptual design, architectures are typically developed using models that can
be validated through simulation for faster feedback loops. In Figure 1.8, the di erent

layers within the systems architecture correspond to the di erent layers in RFLP.
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Figure 1.8: Systems Engineering Vee with focus on the systems architecture layer
(Adapted from [35])

Product and Analysis Architectures

At a high level, the architecture of a system can be decomposed into product and
analysis architectures. Product architectures describe how components and subsys-
tems are interconnected in a system, their functions, and how test cases are used to
verify system requirements. They also describe how logical relationships exist within
a product. [8]. On the contrary, INCOSE de nes analysis architecture as architec-
tures that describe the mathematical relationships that support quanti able analysis
about system parameters that exist in a model [8]. In analysis architecture, the goal is
to evaluate the performance and behavior of the product or system being developed.
Analysis architecture also describes what speci ¢ analyses are needed to ensure
the successful realization of a given product. They focus on creating models for the
di erent types of analysis, including simulations and trade studies. The primary
purpose of analysis architecture is to validate that the system functions correctly
and e ciently in its intended environment. Analysis architectures or models could be
static or dynamic. The static models perform non-time-dependent computations, e.g.,

mass properties computation, while the dynamic models compute time-dependent
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computations, e.g., fuel consumption over time [8].

Figure 1.9: Systems architecture decomposition leveraging RFLP framework [37]

Figure 1.9 highlights the di erent elements that exist between both the product
and analysis architectures. Analysis architecture and product architecture may have
di erent objectives, but they are interconnected. Through analysis architecture, po-
tential issues or performance limitations in product architectures can be identi ed
and re ned. Also, the product architecture can in uence the focus and approach of
various analyses de ned in the analysis architecture. An iterative process between the
product and analysis architectures achieves a robust, e cient, and e ective system
design. In this dissertation, product and analysis architectures are also referred to as
product and analysis domains, respectively.

As previously mentioned, the RFLP framework provides a foundation for the de-
velopment of a systems architecture. Therefore, within each of these architectures, the
RFLP framework can be used for system decomposition as highlighted in Figure 1.9.
The combination of the product and analysis architecture presents multiple views to
the designer to help support planning, design, analysis, veri cation and validation.

It was previously noted that the RFLP framework does not provide clear guid-
ance on the decomposition process between the di erent layers. From a high level,

requirements decompose into functions, which then decompose into the logical and
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physical layers. The question becomes, how is the decomposition process executed
between the de ned layers? Also, when two RFLP frameworks exist between two
architectures, as shown in Figure 1.9, when do transitions between both architectures

occur during decomposition?

De nition: Transition

A transition is de ned as the mapping or traceable relationship between one

element in a given architecture to another element in a di erent architecture

or domain.

Systems engineering practices today are heavily based on heuristics. As a result,
the answers to both questions above rely heavily on a systems engineer's experience
gained over many years in the eld. The process of completing a good decomposition
during the development of an architecture is not currently standardized or formal-
ized for engineers who are new to systems engineering and architecture development.
Furthermore, there is currently no method to guide an engineer in the e ective decom-

position of product and analysis architectures. This leads to the following observation:

Observation 3

Product-Analysis architecture transitions are normally made based on expert

knowledge and judgement during system decomposition.

For transitions between both the product and analysis architectures, Prasad, et al.
[38] state that transitions are usually made a lot sooner if there are major factors that
a ect a system structure beyond the functional architecture layer. As a result, when
it becomes apparent that elements in the product architecture require some evalu-
ation before decomposition can be e ectively performed, transitions to the analysis
architecture should be made. Prasad, et al. [38] also state that system decomposition

within the RFLP framework should be as solution-independent as possible. When
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translating the requirements into the speci ¢ functions the system must perform, the
engineer should not have a preconceived idea of what physical tools or components
will be needed to achieve those functions before the analysis has been performed. It
is important to acknowledge that it may be di cult to achieve in reality.

To minimize knowledge bias during system design and facilitate solution-independent
decomposition, it is important to understand which layers within the RFLP frame-
work should serve as the transition points between both product and analysis architec-
tures. By doing so, a systems architecture can be developed in a way that encourages
innovation and creativity. From the RFLP framework, this means that transitions
between both architectures could occur either at the functional architecture level or

the logical architecture layer. An observation can be formulated from this.

Observation 4

During system design, product architectures are usually developed rst, fol-

lowed by their corresponding analysis architectures, and then transitions be-

tween both architectures are made once the e ect of the implementation envi-

ronment becomes apparent.

1.5 Chapter Summary and Research Objective

With systems becoming increasingly complex and integrated, engineers must con-
stantly identify ways to manage this complexity. This has led to the emergence
of systems engineering over the years. Complexity in systems engineering includes
structural, dynamic, and socio-political complexities [3]. During the development of

a system, understanding the behavior, interactions, and couplings within a system
is important. IPPD has also emerged as a way to manage product development
throughout its life cycle while minimizing cost and ensuring that the product ful lls

the customer's requirements. A critical part of the IPPD process is the decomposition
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aspect of a system. Various systems engineering methodologies have been established
to help provide structure and guidance during systems decomposition. However, the

e ectiveness and depth of guidance these methodologies provide may not be su -
cient for engineers with limited systems engineering expertise. This led to the rst
observation for this thesis.

The RFLP framework has emerged as a way to provide structure during systems
decomposition and serve as a foundation for the development of a systems architecture
through its enforced traceability attribute from the requirements to the functional,
logical, and physical designs of a system. However, the RFLP framework has certain
limitations, which include the lack of standard de nitions for the di erent layers,
emphasis on functional requirements, and lack of guidance on the decomposition
process between the dierent layers. This led to the second observation for this
thesis.

Also, the RFLP is a framework and not a methodology. Thus, it needs to be
applied together with a methodology to develop a systems architecture. Fundamen-
tal to the RFLP decomposition process is developing the architecture of the system
under design. The architecture of a system can be broadly categorized into product
and analysis architectures. Product architecture de nes how the product is broken
down into constituent parts and how the di erent parts interact with each other.
Analysis architectures focus on conceptual modeling for various types of analysis that
are used to evaluate the performance of the system de ned in the product architec-
ture. Throughout system development, there is an interdependence between both
architectures, which leads to an iterative process to identify an optimal solution.
This interdependence between both architectures is a form of relationship that exists
known as a transition. The third observation for this thesis notes that transitions
between both architectures require some level of expert knowledge and judgement

during system decomposition. A combination of the rst three observations leads to
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the following gap summarized below:

_l Gap 1.1 l

There is a lack of a structured or formal approach to guide an engineer on hov

to execute systems decomposition and carry out transitions between product

and analysis architectures during system design.

Within the main structures or layers of the RFLP framework, there is a need
to establish a process on how system decomposition can be carried out e ectively,
especially across two or more architectures or domains. Product architectures tend
to be developed rst before the analysis architecture, as highlighted in the fourth
observation. There is currently little to no guidance on when transitions between these
architectures should occur during system decomposition. The guidance provided by
Prasad, et al. [38] is that this should happen when the e ect of the implementation
environment becomes visible during systems decomposition. This means transition
could occur at the functional or logical layer of the RFLP framework. This leads to

the second primary gap for this thesis:

During system decomposition, there is currently no consensus on when trans

tions between product and analysis architecture should be established.

The four observations from section 1.4 have led to the identi cation of some gaps
in literature and modern-day systems engineering practices. With these two gaps, a

motivating question can be formulated.
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Motivating Question

Within the RFLP framework, how can the decomposition process be improved

from the requirement structure to the functional, logical, and physical archi-

tecture of a system?

To enhance the decomposition process within the RFLP framework, a structured
approach can be established, providing engineers with a clear, step-by-step guide
through the development of the system architecture. The establishment of a struc-
tured approach in systems engineering facilitates the understanding of its foundational
theories. Structure provides clarity and organization, which are essential for under-
standing the complexity of a system. In addition to clarifying relationships between
system elements, a structure promotes standardization. In its Vision 2025 and 2035
document, INCOSE has identi ed the need to develop theoretical foundations based
on mathematical theory and science for systems engineering applications [1, 2]. In
addition to this, INCOSE published a white paper that highlights a series of principles
and hypotheses that guide systems engineering applications [39].

The use of theoretical foundations in systems engineering o ers a scienti ¢ basis
for the development of methods that are both rigorous and pragmatic [1]. In this
way, methodological soundness and practical application are balanced. By using
theoretical methods, engineering design complexity can be managed more e ectively,
and expensive trial-and-error learning can be minimized.

Based on the insights gained, the following research objective can be de ned.
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Main Research Objective

Develop and implement a method that enables a rigorous decomposition procegs

between product and analysis architectures in a more formal and structured

manner using a set of theoretical foundations based on mathematical principle

o7

to:
1. characterize systems phenomena
2. provide stakeholder value through the development of a robust design

3. ensure traceability is enforced from requirements to product design

An overarching research question for this thesis can be formulated from the re-

search objective.

Overarching Research Question

How can the transition between product and analysis architectures be estab

lished in a more structured manner by utilizing theoretical approaches in con-

junction with expert knowledge and judgement during system design?

1.6 Dissertation Overview

This dissertation focuses on improving the process of decomposition, which system-
atically converts stakeholder requirements into the development of a system's archi-
tecture that realizes the envisioned product. Through this process, a methodology is
developed that addresses the overarching research question by introducing structure
in the decomposition process within the RFLP framework using methods rooted in
theoretical foundations. The primary use case to validate the methodology is the
design of a suite of systems to aid in the ght against wild res in remote locations.

Speci cally, the suite of systems includes the design of an Unmanned Aircraft Vehicle
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(UAV) equipped to deploy a secondary UAV as its payload. In this dissertation, the

following chapters are presented:

A

Chapter 1 highlights the motivation for this work, which stems from addressing
the increasing complexity in engineering design. It discusses the emergence of
systems engineering as a way to manage system complexity and further discusses
the di erent systems engineering methodologies, frameworks, and architectures,
including their strengths and limitations in engineering design. Lastly, this
chapter formulates the thesis' motivating question, objective, and overarching

research question.

Chapter 2 discusses ways to answer the overarching research question through
a literature review. The chapter explores established theoretical approaches that
could be used to establish a structure within RFLP framework during system
decomposition. From the surveyed options, a suitable theory or method is
selected. The feasibility of the selected method is discussed, and corresponding

gaps are identi ed.

Chapter 3 provides an overview of the research formulation for this disserta-
tion. Research questions are formulated based on the identi ed observations
and gaps presented in Chapter 2. Using the new research questions, an addi-
tional literature review is conducted, hypotheses are proposed, and experiments

are conducted to substantiate them.

Chapter 4 describes how the decomposition process is currently carried out
within the RFLP framework and provides a graphical high-level overview of the
proposed methodology. Additionally, it introduces the test case that substanti-

ates the experiments and validates the methodology.

Chapter 5 focuses on the development of a method to translate stakeholder

requirements into functional and non-functional requirements for a system under
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development. In this chapter, requirements decomposition and management
techniques are introduced, including how they are formulated in product and

analysis architectures, as well as the relationships between them.

Chapter 6 focuses on the integration of the selected theoretical method within
the RFLP framework to e ectively decompose a system and develop its func-
tional, logical, and physical architecture. In this chapter, architecture analyses
are performed to identify and manage functional and physical couplings through

optimal arrangement of system components.

Chapter 7 focuses on delity analysis during system decomposition to aid in
the selection of the right analysis methods based on suitability. Fidelity analysis

facilitates concept validation and trade-o analysis during conceptual design.

Chapter 8 outlines the overall methodology for this dissertation, which sub-
stantiates the overall hypothesis and addresses the overarching research question

for this dissertation.

Chapter 9 provides a summary of ndings and contributions of this disserta-

tion, as well as potential for future work.
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Figure 1.10: Thesis Structure: Motivation
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

The rst chapter identi ed the motivation for this dissertation, which led to the
motivating question, the identi cation of the research objective, and the formulation
of the overarching research question. The overarching research question will guide
the literature review presented in this chapter. Various approaches based on current
literature and existing work will be explored to address the overarching research
guestion.

In section 1.5, it was noted that an approach based on theoretical foundations is
necessary to create structure within the RFLP framework during system decomposi-
tion. Formal design theories provide a framework for understanding and decomposing
systems. They provide the guiding principles and rationale for system decomposition
and are often based on a combination of scienti ¢ principles, practical experience,

and interdisciplinary knowledge.

2.2 Design Theories

Over time, a variety of design theories have emerged with the aim to create a uni ed
design vocabulary, inform engineering design education, and form the foundation for
tools and methodologies [40, 41]. Modeling every aspect of design practice is not
the goal of design theories, but rather to address questions including identifying "the
fundamental aspects of design and if it primarily revolves around novelty, continuous
enhancement, creativity, or imagination." [42]. There are a number of design theories

developed in multiple disciplines that attempt to take a systematic approach to design.

29



However, no single theory is universally accepted as the standard for design. A core
design trait shared by all design theories is the need to identify the unknown, develop
concepts from existing knowledge, and create new ideas [42].

Many design theories simultaneously o er a descriptive understanding and pre-
scriptive guidance on design [40, 41]. To determine the optimal approach for sys-
tem decomposition within the RFLP framework, established and relevant system-
atic design theories will be explored. These design theories include Yoshikawa and
Tomiyama's General Design Theory (GDT) [43], Braha and Reich's Coupled De-
sign Process (CDP) [44], Suh's Axiomatic Design Theory (Axiomatic Design Theory
(ADT)) [45, 46, 47], Hatchuel and Weil's Concept-Knowledge Theory (CKT) [48] and
Reich and Shai's Infused Design (ID) [49, 50]. Each of these formal design theories

will be brie y reviewed.

2.2.1 GeneralDesignTheory (GDT)

The General Design Theory was introduced in 1981 by Yoshikawa and Tomiyama
[43]. It is a mathematical approach to design that attempts to represent design as a
set theory. The foundation of GDT is based on a number of axioms and principles.
In GDT, an entity set S is de ned as a set of all real objects that previously existed,
currently exists, or will exist in the future. An example of an entity includes previously
designed aircraft engines, including current engines being used in the market and the
future engines that will be designed. An entity has attributes (a property that can be
measured or observed) and functions (when subjected to a situation with the display
of a behavior).

An entity's functional description is a collection of its various functions observed
in various situations [51]. The concept of an entity is the representation of an object,
which includes a description of its structure (attributes) and its functions. An entity

set classi cation involves categorizing multiple entities into abstract concepts known
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as classes. In a classi cation over an entity set, the function space consists of all
functions, whereas the attribute space consists of all artifact descriptions.

The foundational axioms of GDT illustrate the underlying assumptions about
the characteristics of objects and how they can be manipulated to ful Il a specic
function [51]. These axioms include the axiom of recognition (supports the description
of concepts in GDT), the axiom of correspondence (establishment of a one-to-one
mapping between the entity set and its representation), and the axiom of operation
(represents abstract concepts as the topology of the entity set) [43]. In the context
of mathematics, topology focuses on the properties of spaces that remain unchanged
under continuous deformations. It utilizes principles from set theory. If S is a set and

is a set of subsets of S, then is a topology on S if [51]:

1. 2 andS2
2. fors; 2 ;i 27; " acountable set[ is; 2

3. for everys;;s; 2 ;s\ 5,2

The mathematical operations are carried out with the assumption that the concept
space is continuous, meaning the space has in nite memory capacity [43]. However,
this is not the case in reality and the design process can be thought of as an approx-
imation of the ideal process. GDT di erentiates between ideal knowledge and real
knowledge during design.

In the ideal process or ideal knowledge, all the entities are known and can be
described using abstract concepts without ambiguity. According to Hatchuel, et al.,
this means that the entity set is a Hausdor space [52]. There is no perfect topology
for real knowledge, as it can only be described by a limited number of attributes
[51, 52]. Here, design becomes the ability to search for the best t between a set of

functions and a set of attributes as illustrated in Figure 2.1. From the axioms and
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Figure 2.1: GDT mapping between a set of attributes and a set of functions (from
[43])

the concept of ideal and real knowledge, the theories guiding GDT were developed.

A detailed description of GDT is available at [43, 51].

2.2.2 Coupled DesignProcess(CDP)

The Coupled Design Process CDP was introduced in 2001 by Braha and Reich. This
design theory is a generalization of GDT, and it aims for more innovation in design
when compared to GDT [52]. The idea behind CDP is to establish a comprehensive
framework that can describe complex and practical design processes, including the
capacity to allow for the formation of theoretical statements about design procedures
[44]. Braha and Reich present CDP in two steps, with the rst step being a basic
model that contains the various concepts about the theory and an extended model

that conveys the properties of the design process.

The Basic Model

In the basic model, the process of design begins with the elicitation of customer
attributes and functional requirements, which are contained in the function space.
There is a continuous re nement that occurs during the process of design to allow

the design to arrive at an optimal speci cation list. Structural information obtained
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about the design is then mapped to the optimal customer attributes and functional
requirements in the structure space. This becomes an iterative process until an opti-
mal solution for the design is obtained, as shown in Figure 2.2. Refer to section 2.2.1

on GDT for an understanding of structure and function spaces.

Figure 2.2: Design process for the CDP basic model showing the re nement of design
speci cation and mapping between the structure space and function space (from [44])

CDP introduces a closure space or proximity space to aid in the selection of an
initial representation as well as the best set of speci cations at each re ned stage.
A closure Ug (f ) is identi ed in the design for each functional speci cation f in the
function spaceF [44]. Similarly, the same Up (f )) can be identi ed in the structure
spaceD as shown in Figure 2.2. The closure either in the function spaté (f ) or
structure space Up (f )) normally contains more than a single element. Braha and
Reich state that the selection of a closure space and a re ned element is driven by the
knowledge of the designer or engineer [44]. This means the ability to obtain a good
optimal solution is as good as the capability of the designer. From Figure 2.2, it is
also important to note that the selected structural descriptions represent the output
of the synthesis method being applied to the design. Also, the entire process of the
design can be represented with an equation. A design with an initial speci cation list

of fo with both three steps of re nement in the function space and structure space
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can be represented as follows:

Up (Up (Up ( (Ur (Ur (Ue (f0))))))) (2.1)

From Equation 2.1, represents the synthesis mapping between both structure
and function spaces. A major limitation of the basic model is that it is a linear model
with some aspect of a real design process not captured during design synthesis. Ad-
ditionally, Braha and Reich note that this model does not capture "repeated inter-
actions and multifold contextual mappings between function and structure spaces,
corresponding feedback loops, and learning that re nes requirements during design”
[44]. Thus, this led to the development of the extended model or real design model,
which captures the properties of the design process and is the foundation for the

coupled design process.

The Real Design Model

The extended model or real design model addresses the limitations of the basic model
and has the capacity to handle more complex models, including their structure and
behavioral properties [44]. Here, the design descriptions are considered to be elements
of a Cartesian product space consisting of both the function and structure spaces
shown in Figure 2.3. This space created by the product of these two spaces is known
as the design space [44].

In a coupled design process, an initial design descriptienhf o; dy > is identi ed.
The design then follows the process of re nement identi ed in Figure 2.2 with current
design descriptions f ;; d; > being re ned to new design descriptions f {+1;di+1 >.
This extended model removes the linearity of the basic model with the capacity to
allow simultaneous re nement of both the functional and structural descriptions.
Similar to the basic model, a closure operatiokl: D(<f;;d; >) is identi ed for

each design descriptiorx f i;d; > as shown in Figure 2.3. The design process of
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Figure 2.3: Design process for the CDP extended model showing mapping between
the structure space and function space (from [44])

the extended model ends with a design description of the formf ,;d, > with f,
leading to a thorough understanding of the problem and stakeholder requirements and
d, being the feasible design parameters that satisfy the requirements. Compared to
GDT where a xed entity set is de ned in a topological space, CDP represents design
as the co-evolution of the functions and structure (design parameters or attributes)
[52]. In CDP, more functions and attributes can be added to the design process. The
coupled closure space is considered to be more general than the Hausdor space used

in GDT.
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2.2.3 Axiomatic DesignTheory (ADT)

Axiomatic Design Theory (ADT) was introduced in 1988 by Nam Pyo Suh with the
aim to establish a scienti ¢ approach to design and manufacturing [45, 46, 47]. Suh
discovered the axioms in the late 70s and was interested in a set of self-consistent
axioms that produced the best solutions for design problems. Suh claims that ADT
can be applied to the entire design process, including product, process, and planning
[53]. The foundation of axiomatic design is based on two axioms: the independence
and the information axiom. Each of these will be brie y explained in the subsequent
sections. Suh claims that axiomatic design reduces complexity in design, eliminates
unnecessary iterations, and maximizes design robustness [46, 53]. Axiomatic design
could provide metrics for design progress and quality, and this enables the best design
solution to be identi ed early in the conceptual stage of design. An essential compo-
nent of axiomatic design is the ability to decompose a design problem appropriately
and apply both axioms e ectively.

The process of design is done through the axiomatic design framework within
domains with the mapping of one domain to another as shown in Figure 2.4. The
four primary domains are the customer domain, the functional domain, the physical
domain, and the process domain. A mapping process from the customer domain to
the process domain is known as synthesis, and a mapping process from the process
domain back to the customer domain is known as analysis.

Axiomatic design was initially created for the design of manufacturing systems,
but the process of design can also be applied to other systems, including software
systems [46] [55]. The Customer Attributes (CA) in the customer domain asks the
guestion, "what adds value?". They serve to identify the design needs and guide
the engineering functional requirements. They also contain the respective design
constraints. These constraints interface with and sometimes cannot be decoupled

from the other domains. The Functional Requirements (FR) in the functional domain
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Figure 2.4: Axiomatic Design framework showing the mapping between domains [37,
54]

speci es the various functional requirements of the design, i.e., what the design must
do. They are usually derived from the customer's needs and are typically verbs. The
Design Parameters (DP) in the physical domain are the physical items that satisfy
the FR. They specify what the design looks like and are usually nouns. The DP could
be hardware parts or a software code. The Process Variables (PV) specify how the
DPs are produced and embedded into the actual product. The process domain is not
about the process of design, but how the specic aspects of the design need to be

produced to satisfy the stakeholder requirements.

Axiom I: The Independence Axiom

The independence axiom is about the capacity to "maintain the independence of the
functional requirements” (FR). In ADT, FR are the minimum amount of independent

requirements that must be satis ed by a system [46]. The independence axiom states
that "when there are two or more FRs, the design solution must be such that one of
the FRs can be satis ed without a ecting the other FR" [46]. Therefore, the functions

of the design must be independent and self-su cient. A design is easily adaptable
to change when each functional requirement can be adjusted independently. When

the FRs have been de ned, the next step is to map these requirements to the DPs
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in the physical domain. The functional requirements ask the "what" and the design
parameters ask the "how". A matrix is used to map functional elements to physical
elements, with both FR and DP represented as vectors. The relationship between

the functional domain and the physical domain is represented in Equation 2.2 [46].
fFROm 1 =[Alm nfDPgs 1 (2.2)

In reference to Equation 2.2, the design matrix, denoted by[, is de ned by the
elements outlined in Equation 2.3. The design matrix,4] characterizes the product

design by showing how changes in theP; impact the FR;.

_ @FR

A.. =

(2.3)

This is shown in Equation 2.3 through the use of derivatives because they represent
how one thing changes with respect to another. Therefore, Equation 2.2 can be re-

written as Equation 2.4.

fdFRgn 1= [Alm nfdDPg, 1 (2.4)

Similarly, the process design involves mapping between the physical domain and the
process domain, with this mapping represented mathematically in Equation 2.5. The

matrix [B] is the design matrix, which characterizes the process design [46].

fDPQOm 1=[B]n nfPVos 1 (2.5)

In ADT, there are three types of designs: uncoupled design, decoupled design, and
coupled designs, as shown in Figure 2.5. The uncoupled design is the ideal design.

A change to the DP aects only a single FR at a time. This design, except for a
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very simplistic one, is unrealistic in the real world, because modern design involves
more interactions between systems. A decoupled design is when the design matrix
is triangular (either lower triangular or upper triangular). In a decoupled design,
changing a DPs a ects multiple FRs. The decoupled design is more re ective of
modern engineering designs with interfaces and interactions. The coupled design
is represented by a full matrix, and changing one DP a ects all the FRs. During
engineering design, the engineer wants to avoid a coupled design scenario, because it

iS more expensive and requires more iterations to reach an optimal solution.

Figure 2.5: Di erent cases of the ADT design matrix

The design matrix must be uncoupled or decoupled for the independence axiom
to be satis ed [46]. ADT can be used to create both linear and non-linear designs.
For linear designs, the elements of the design matrix are constants, and for non-linear
designs, the elements of the design matrix are represented as functions of the DPs.
Various mathematical techniques could be used to transform the design matrix from
a coupled matrix to a decoupled or uncoupled matrix [46]. However, the diagonal

elements of the matrix will not have any physical signi cance.
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Hierarchies and Zigzagging In ADT, appropriate decomposition is done both
horizontally and vertically. Horizontal decompaosition occurs across the domains with
a one-to-one mapping between the FRs and DPs and DPs and PVs. The vertical de-
composition is hierarchical in nature and this decomposition occurs within a domain.
The vertical decomposition can be represented using a set theory where the sum of
the children equals the parenS = S;[ S;[ S;:::Sy. Also, Si\ S; = 0 when there is

no overlap of elements during decomposition [53]. The decomposition starts from the
highest level and occurs from layer to layer between domains until the design reaches
the lowest level of abstraction required. This process is known agjzagging shown

in Figure 2.6. It indicates that decisions made at higher levels of abstraction impact
the problem statements formulated at lower levels. The structure of the design is

developed during the zigzagging process.

Figure 2.6: Zigzagging is the process of creating decomposition (from [46])

To ensure a good decomposition, the FR must be Mutually Exclusive and Col-
lectively Exhaustive (MECE) and contain only elements necessary to the design [53].
Design coupling is minimized when the decomposition is mutually exclusive. Also,
there should be no single child decompositior5(= S;), and each parent must have

at least two children during the decomposition [54, 56].
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Axiom IlI: The Information Axiom

The information axiom is about "minimizing the information content in design”, and
this translates to creating a robust design [46]. In this case, the aim is to maximize
the probability of success during design and to quantitatively select the best design
for a given problem de nition. The information axiom allows the designer to select
the best design from a set of functionally equivalent designs through the probability
of satisfying the design requirements [46]. For a designated functional requirement,
the information content, |; is expressed in Equation 2.6, withP; being the probability

of satisfying a given FR.

li = Iogzpl_ = logP; (2.6)

|
The information content, | for a series of FRs that meet the criteria for an uncou-

pled design can be summed up as illustrated in Equation 2.7.

% 1 %
| = log, B = log:P;i (2.7)
i

i=1 i=1

In a decoupled design, the information content, | is formulated as shown in Equa-
tion 2.8. Here,P;j; represents the conditional probability of satisfying theF R; pro-
vided the otherFR;,_, .., , are also satis ed [46].

3
I = log,
=1

= = il log,Pij; (2.8)
The best design is the design with the smallest information content because it

requires the minimum amount of information to satisfy the initial design requirement.

A coupled design is characterized by high information content and a low probability

of success because making changes to the design is a di cult process. This highlights

the relationship between the independence axiom, which advocates for design element
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independence, and the information axiom, which focuses on minimizing the system'’s
information content. When a design has a low probability of success, it means the
overlapping area or common range (see Figure 2.7) is small. The common range is the
intersection of the design range and the system range, and thus, it is the area under
the system range or the probability density curve. The common range is the region
where a given FR is satis ed. The design range is typically specied in functional
requirements or customer attributes, while the system range refers to the designed

system's ability to achieve stated performance within a speci ed range [46, 47].

Figure 2.7: Probability density function of a system showing the design range, system
range, and common or overlapping range (from [46] [47])

From Figure 2.7, the information content, | can now be expressed in Equation 2.9,

where A, is the probability of the design satisfying a particular requirement.

® 1 %
| = log, — = logAq (2.9)
i=1 Acr i=1
Low tolerances for either FR or DP indicate the design is less robust and requires
high accuracy. In the case of no intersection between the design range and the system

range, the probability is zero, and the information content is in nite. If this occurs,
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the given DP does not satisfy the FR, and more information will need to be provided
during the design process. There have been various studies that focus on the applica-
tion of ADT across di erent disciplines. These include its use in academic research,
industrial applications, and identifying best practices for implementation. Addition-
ally, there has been an exploration into experiences of teaching ADT to students,

along with critical reviews and lessons learned [57, 58].

2.2.4 Concept-KnowledgeTheory (CKT)

The Concept-Knowledge Theory was introduced in 2001 by Hatchuel and Weil with
the idea that design is a mapping between "two interdependent spaces with di erent
structures and logics: the space of concepts (C) and the space of knowledge (K)"
[48, 59]. The idea here is that CKT will capture new objects and knowledge gained
during design and make “creative thinking and innovation a part of its central core"
[48].

The knowledge space, K is considered "a space of propositions that have a logical
status" for a respective designer, D [48]. The logical status of proposition is "an
attribute that describes the level of con dence that the designer, D, assigns to a
proposition”. In CKT, all propositions of K are considered to have a logical status.
The concept, C is considered "a proposition or a group of propositions with no logical
status in K" because the formulation of a concept does not lead to a proposition of K
[48]. The idea of concept here allows a designer to formulate new ideas during design.

Hatchuel and Weil de ne design as the process in which "a concept leads to the
formulation of other concepts or is transformed into knowledge or propositions in K"
[48]. When a proposition is believed to be true in K, it means a particular entity
already exists with full knowledge about the required properties, and this would lead
to the end of a design. Similarly, if a proposition is identi ed as false in K, the design

will also come to an end because the entity does not exist in K. In CKT, the rst
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step of concept formulation is the identi cation of the product requirements, with the

second concept being the proposal on how the design will be addressed.

Figure 2.8: Concept-Knowledge Theory Design Square (Adapted from [48])

Concepts, C in CKT could be seen as a speci ¢ set that contains all entities that
are partly de ned by a group of properties. Elements cannot be removed from these
sets due to the proposition that a concept has no logical status. Basically, similar to
set theory, concepts are seen in CKT as sets without the axiom of choice. Therefore,
elements of a concept set cannot be isolated. Due to the rejection of the choice axiom
from Set theory in CKT, concept sets can only be partitioned (through the addition
of new properties) or included (through the subtraction of properties in the set) and
cannot be searched or explored [48]. Hatchuel and Weil state that when partitioning
and inclusion are carried out, new propositions of K may be generated. For example,
a book that reads itself and projects the stories and content of the book in a visual
manner in 3-D space using augmented reality is a concept. If the presentation of the
book in a visual manner using augmented reality is removed, a book that reads itself
already exists with the introduction of audiobooks, and it is no longer considered a
concept but a true proposition of K.

Hatchuel and Weil de ne disjunction as "an operation that transforms proposi-
tions of the Knowledge space (K) into the concept space (C)" and conjunction as "an
operator that transforms the concept space (C) into the knowledge space (K)" [48].

Therefore, in CKT, design is seen as a process in which disjunctions are created and
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Figure 2.9: Concept-Knowledge Theory Interaction Dynamics (from [59])

then extended through partition and inclusion into connections. There are four opera-
tors in CKT, which form the design square shown in Figure 2.8. These four operators
can be categorized into external and internal operators as shown in Figure 2.8 and
Figure 2.9. The two external operators are disjunctiond& ! C and conjunctions,

C ! K. Disjunctions lead to the generation of alternatives during design, while
conjunctions could be seen as a completed design [48]. The two internal operators are
concept-to-concept mappingC ! C and knowledge-to-knowledge mapping ! K.

C ! C is expanded through partition and inclusion, whileK ! K is expanded
through deduction and experiment. Figure 2.9 shows the tree-based structure of the
concept space. Hatchuel and Weil also propose a way to validate the theory, and

interested readers should refer to [48, 59] for more information.

2.2.5 InfusedDesign(ID)

Infused Design was introduced in 2001 by Reich and Shai with the aim to enable the
infusion of design knowledge from one eld using knowledge and experience from a
di erent eld [49, 50]. The concept behind ID is based on the multidisciplinary combi-
natorial approach (MCA), which is an approach that enables the capacity to exchange

disciplinary knowledge across disciplines through the development of discrete mathe-
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matical representations, usually called Combinatorial Representation (CR) [49]. Ac-
cording to Reich and Shai, CR are used in the representation of various engineering
problems. Each CR is usually analyzed for its embedded properties and their respec-
tive relationships with other CRs. The mathematical foundation of CR is made up
of three aspects of discrete mathematics: graph theory, matroid theory, and discrete
linear programming [49]. ID from MCA uses two types of cooperation: cooperations
based on common combinatorial representations (CCCR) and cooperations based on
relationships between combinatorial representations (CRCR) [49].

With CCCR, engineers can represent engineered systems from various engineer-
ing elds using the same combinatorial representation. It is a method that facilitates
systems engineering because it allows various concepts and ideas from an engineering
eld to be applied in a di erent engineering eld to address a design problem. CRCR
enables the relationships between other CRs to be investigated through the dual-
ity between two CR through potential graph representation (PGR) and ow graph
representation (FGR) [49].

Figure 2.10: Design Process using Infused Design (ID) (from [49])

The process of design through ID is highlighted in Figure 2.10. The design pro-
cess starts with the identi cation of a need, formulation of the problem, product
speci cation, and modeling through the development of the nal product.

During the development of a design using the design process in Figure 2.10, ID
aims to increase interaction between engineering teams not only at the highest level
of abstraction during conceptual design, but at a lower level of abstraction. Doing
this will improve the understanding of concepts among engineers and create oppor-
tunities for further collaboration [49, 50]. Each of the design steps highlighted in

Figure 2.10 can be represented mathematically using potential graph representation
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Figure 2.11: Map of graph representations, their relationships, and association with
engineering systems (from [50])

(PGR), resistance graph representation (RGR), ow graph representation (FGR), etc.
Engineering systems could be represented using these graph representations as shown
in Figure 2.11. Other non-graphical representations are possible. Reich and Shai
state that with ID, the underlying representation of a design is understood better

due to its foundation on mathematical concepts.

2.2.6 Additional Notable DesignTheoriesand Methodologies

There are other design theories and methods that have been developed that can help
facilitate structured decomposition within the RFLP framework. These theories or
methods include Systematic Design Theory (SDT) [60], Quality Function Deployment
(QFD) [61], and Theory of Inventive Problem Solving (TRIZ) [62].

Systematic Design Theory (SDT)

Systematic Design Theory is a descriptive and non-mathematical design theory de-
veloped by Pahl and Beitz. It is a design based on steps that highlight the process of

design from the problem de nition phase through the detailed design phase and then
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the realization of the system. The highest level of abstraction of SDT is the function

structure, which consists of a set of interrelated functions [63, 60].

Figure 2.12: Design methodology for SDT (from [60])

SDT is categorized into four sequences: Task clari cation, conceptual design,
embodiment design, and detailed design, shown in Figure 2.12. The task clari cation
focuses on the collection and formulation of requirements for the design. In the
conceptual design phase, the basic principles for the design are identi ed and the
foundation of the design solution is created. The embodiment design develops the
design into a more mature stage, and this highlights the majority of the technical

and economic concepts. Finally, at the detailed stage, the design is more thorough

with every element being accounted for and documentation produced. SDT aims to
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eliminate a speci c design process tied to a particular eld and create a design process
that is applicable to all elds with the goal of facilitating and integrating solutions

from other disciplines.

Quality Function Deployment (QFD)

Quality Function Deployment is a structured planning process (QFD) developed by
Akao [61] that aims to aid a designer in the identi cation of customer needs, de ning
requirements, and translating these requirements into plans for product development
[61]. In QFD, the voice of the customer is captured using various ways, and they are
summarized in a matrix known as the "House of Quality”. The matrices translate the
higher-level "what's" into lower-level "how's", which are the product requirements to

satisfy the identi ed "what's".

Figure 2.13: House of Quality Matrix (Adapted from [64])

The process begins with the identi cation of customer's needs or input collection
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from the customers. The customer's needs and requirements are then prioritized
based on design needs. These needs represent the "what's" and are rows of the house
of quality matrix. The technical requirements are then formulated based on the
customer's needs, with each requirement being mapped to the voice of the customer's
needs. As the design process advances through the stages of development, the voice
of the customer is prioritized. The "House of Quality" matrix shown in Figure 2.13
also captures various product characteristics, the competitive value of the product
being designed, technical di culty, target values, and a competitive benchmark for

the product. QFD ensures that the right product is designed by prioritizing customer

needs throughout the entire design process.

Theory of Inventive Problem Solving (TRIZ)

The Theory of Inventive Problem Solving was created by Altshuller in 1946 with the
aim to eliminate the trial and error approach to design and introduce innovation in
design. TRIZ is the acronym for the Russian word "Teoriya Resheniya Izobretatel-
skikh Zadatch" which translates to the Theory of Inventive Problem Solving [62]. It
is a systematic approach to understanding and solving design problems. TRIZ origi-
nated from a thorough study of patent collection by Altshuller, where he discovered
patterns in how engineers and scientists solved problems. He identi ed that with
the removal of the details in engineering designs, the most inventive patterns show a
small number of solutions, with about 100 fundamental solutions to all engineering
problems. TRIZ tries to summarize these problems into four areas, as shown in Fig-
ure 2.14. The reason for this was to avoid reinventing the wheel during engineering
design.

From Figure 2.14, the theoretical foundations of the framework are the patterns of
evolution of technological systems and the analytical tools used to conduct problem

modeling, analysis, and transformation, with knowledge-based tools used to provide
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Figure 2.14: Structure of TRIZ Methodology (from [65])

ways to transform the system [65, 66]. The knowledge-based tools include 40 Inventive
Principles, 76 Standard Solutions and an e ect knowledge database. The last aspect

of the TRIZ framework is the suggested solution to the problem.

2.3 Design Theories: Selection

Several other design theories were explored for their suitability and applicability to
the overarching research question but were not highlighted in this thesis. These the-
ories include Theory of Technical Systems (TTS) [67], Function-Behavior-Structure
Ontology (FBS) [68, 69] and Universal Design Theory (UDT) [70]. Although these
theories attempt to create structure in design, they lack the rigor the author seeks
to create a decomposition within the RFLP framework. A number of studies have
compared the various design theories, looking at their purpose, criteria for being
considered a theory, and methods of validation [52, 71, 72].

Hatchuel, et al. compared the various design theories based on formal and proven
propositions [52]. The designs were compared based on two qualities: generativeness

and robustness. They de ned generativeness as "the capacity of a design theory to
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produce 'novel’ solutions" through the identi cation of its own knowledge background
and the design process [52]. By knowledge background, they mean the existing knowl-
edge of the product being designed, object de nitions, and learning capacities. The
design process involves the operations, decisions, steps, and evaluations that help
produce a desired output or outputs that satisfy the design requirements [52]. They
de ned robustness as "the capacity of a design theory to help a designer achieve a
robust design”. Taguchi de nes a design as robust when its "performance is mini-
mally a ected by factors that cause variability in the design at the lowest cost" [73].
Therefore, the quality of the product or design is improved without eliminating the
sources of variation in the design.

All of the theories and methods evaluated in this thesis provide a base of theoretical
foundations with some degree of structure and rigor that can address the motivating
guestion for the thesis and answer its overarching research question. However, these
theories approach design and system architecture development in distinct ways. For
example, some see it as a mapping between functions and attributes (GDT, ADT,
CDP), others as an interplay between concepts and knowledge (CKT), a co-evolution
of functions and attributes (CDP), a process of knowledge transformation and sharing
in the design process (ID), or a sequential and stepwise process (SDT, TRIZ).

Based on the evaluation of these theories, the following observations can be made:

The various design theories aim to capture knowledge and foster innovation ir

the design process and the development of a systems architecture using logic,

steps, or theoretical foundations rooted in mathematics. However, their di er-

ing approaches a ect the potential outcome of the design.
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Observation 6 b]e

Some theories focus more on a specic aspect of design (e.g., mapping
tween functions and attributes) compared to others (e.g., the interplay be-

tween concepts and knowledge, knowledge transformation, robustness, steps,

etc.). However, some other aspects of design exist implicitly in the respective

design theories.

Observation 7

The mathematical foundation of many design theories is grounded in set theory.

where elements of the design are conceptualized as entity sets.

System decomposition and the formulation of a systems architecture can be facili-
tated by the structure and propositions provided by the evaluated design theories. To
e ectively aid in the decomposition process within the RFLP framework, a specic
set of criteria needs to be established for selecting the most suitable theory or method.
Doing this ensures that the chosen theory or method aligns with the objectives of the
RFLP framework's decomposition process. The following six criteria are de ned for

the purpose of this thesis.

Ease of Integration with the RFLP framework To ensure compatibility with

the di erent structures (requirements, functions, logical and physical) of the RFLP
framework, the selected design theory or method must have a process that allows for
horizontal and vertical decomposition. Horizontal decomposition facilitates mapping
between the dierent layers of the RFLP framework, and vertical or hierarchical

decomposition breaks down a problem into di erent layers of abstraction.

Captures Knowledge and Generativeness During Design The ability to in-
novate and identify potential solutions is crucial during system decomposition. The

introduction of a structure during system decomposition enhances understanding and
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brings clarity to the problem being addressed. This facilitates the exploration of de-

sign alternatives and the formulation of creative solutions.

Supports Decision-Making During Design In addition to explaining what de-
sign is, the design theory should also explain how a design should be done [40].
Therefore, the design theory should be prescriptive. A prescriptive theory or method
facilitates the decision-making processes during system decomposition and system

architecture development.

Enables a Stepwise Approach for Structured Design at all Abstraction

Levels It is important that the theory or method not only provides structure at
higher levels of abstraction, but also provides guidance on how to decompose sys-
tem elements at lower levels of abstraction. This ensures that the selected theory or
method goes beyond categorizing design from a functional or structural perspective
to considering interactions between system elements. This is necessary for integra-
tion with the RFLP framework since the framework already captures the high-level

structures of design.

Allows for Flexibility During Design The selected theory or method should
not be too rigid and should allow for exibility in how elements are mapped during
system decomposition. A rigid design theory or method has a constrained knowledge

background, which reduces innovation opportunities during design.

Enables Robust Design Development The selected design theory should be
able to aid the designer in achieving a robust design, as de ned earlier in section 2.3.
This robustness refers to product robustness and the selected design or architecture
layout should be robust to evolving customer needs and design conditions [52].

After a review of the identi ed design theories and methodologies and considering

54



the six criteria identi ed above, the following observation can be made.

Axiomatic Design Theory (ADT) aligns closely with the six identi ed criteria

and is more suitable for decomposition within the RFLP framework, as well as

the potential to serve as a foundational basis for other design theories.

Many researchers acknowledge that the processes of design cannot be fully formal-
ized, but using mathematical theoretical foundations to represent design enhances our
comprehension of the boundaries in formalizing and automating design [44]. Also, it
helps generate practical guidelines on how procedures to support design can be imple-
mented [44]. In the following section, ADT will now be reviewed in detail, including

the identi cation of its strengths and limitations.

2.4 Axiomatic Design Theory: An In-Depth Review

The basic foundations of Axiomatic Design Theory (ADT) were explained in sec-
tion 2.2.3. The two axioms of ADT over the years have evolved to include a set
of corollaries and further theorems to guide a designer during product and process
design. The various theorems and corollaries are developed for a wide range of ap-
plications, from general design to software design to large complex systems. Both
corollaries and theorems can be found at [46, 74].

It is also important to note that to satisfy the rst axiom, the number of FRs
must be equal to the number of DPs, i.e., the Design Matrix (DM) must be a square
matrix. A design is redundant when the number of DPs is greater than the number
of FRs. This means we have multiple parameters that can satisfy a single functional
requirement. A redundant design is also a coupled design. Decompositions in ADT
also carry inheritance, and if the parents are coupled, the children are coupled pro-

vided the design is MECE [53]. The example in section 2.4.1 illustrates how ADT is
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used in practice.

2.4.1 Example: Designof a Water Faucet

A standard illustration used to understand the basic principles of ADT is through
the design of a water faucet. The water faucet example was rst illustrated by Swen-
son and Nordlund in an unpublished report in 1996 [75]. The faucet example was
developed in the early 1990s by Gunnar Sohlenius in an attempt to easily explain
the independence axiom by showing the di erence between a coupled and uncoupled
design. This example was later published by Suh in 2001 [46].

The fundamental customer attribute of a water faucet is to maintain a ow rate
while keeping a desired temperature constant. The corresponding FRs and DPs for
this design are shown in Figure 2.15. From the customer attribute, the two functional
requirements of the faucet are to deliver water at a desired temperature and deliver

water at a desired ow rate.

Figure 2.15: Functional requirements and design parameters of a water faucet design

The corresponding design parameters based on traditional water faucets for these
functional requirements are the inclusion of a hot and cold water valve shown in
Figure 2.16 (a). Mathematically, the functional requirements from Figure 2.15 can be
represented as Temperaturel and Flow Rate,Q, while the design parameters can be

seen as the opening angle of both the hot water valve, and the cold water valve ..
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Representing this as a mapping between the functional requirements and the design

parameter using the design matrix, DM of axiomatic design leads to Equation 2.10.

Figure 2.16: Water Faucet Design Examples (image credits: megaBAl, Glacier Bay)

25 Z (2.10)

The design matrix in Equation 2.10 for the faucet shown in Figure 2.16 (a) is fully

MU) N
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Q
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coupled. An adjustment to either the cold water valve! ¢ or the hot water valve,
'y will lead to changes in both the temperature and ow rate of the faucet. In this
dual knob design, the rst axiom, which is about the independence of the functional
requirements, is violated. The user must loop through multiple iterations to reach the
desired ow rate and temperature combination. In large engineering designs, coupling
or the need for multiple iterations to reach a solution can be computationally and
economically expensive.

To decouple this design, the water faucet can be seen as a mixing problem that
separately matches the ow and temperature instead of a ow rate and temperature
problem. Therefore, two new design parameters will satisfy the functional require-
ments: Control mixing ratio, R to handle both temperatures separately and then

the ow rate, A [53]. The control mixing ratio could be seen as the handle mov-
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ing sideways, and the ow rate could be controlled with the handle lifting up as
shown in Figure 2.16 (b). The design matrix for this new representation is shown in

Equation 2.11.

2 3 2 32 3
T T

1TE- 15 24 ey
@R @A

With the new con guration in Equation 2.11, a change in temperature does not

a ect the ow rate g;, and similarly a change in the ow rate does not a ect the

control mixing ratio %F?( This leads to a new uncoupled design matrix shown in

Equation 2.12, representing the faucet design in Figure 2.16 (b).
2 3 2 32 3
T LT 0 76R
@R
S e
@'a A

In this new design, the user is able to adjust the temperature and ow rate at the
same time while opening up the lever and moving it sideways. This design also satis es
the rst axiom, which is establishing the independence of the functional requirements.
It is important to note that the example presented here is based on the generic
function of a water faucet. Faucet designs can vary signi cantly based on customer
needs, from basic hand-washing functionalities to more complex requirements that
account for time-dependent complexity in the pressure di erential of both hot and
cold water ow. From an interface perspective, the design in Figure 2.16 (b) is a
better design than that in Figure 2.16 (a). Foley, et al. considered the limitations of
this example from an implementation perspective, taking into account the imbalances
in temperature and pressure variation and how this example could be better used to

improve understanding of ADT [75].
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2.4.2 Requirementsin Axiomatic DesignTheory (ADT)

The requirement domain in ADT is primarily focused on the functional requirements
and constraints of the system under design. Generally, requirements can be classi ed
into Functional (FR) and Non-Functional Requirements (NFR). The functional re-
guirements specify what the system must do and how the system should operate. The
NFRs speci es the desired properties of the system and how well the system satis es
the FRs. They impact how the system performs. To satisfy the NFRs, a system must
possess some quality attributes. These quality attributes are speci c properties a sys-
tem should have, including scalability, interoperability, usability, availability, security,
testability, modi ability, etc. [76, 77, 78].

Quality attributes are very important in the design of software-intensive systems,
as well as general-purpose systems. Generally, a quality attribute scenario consists
of six parts: the source of stimulus, stimulus, environment, artifact, response, and
response measure [77]. The source of stimulus is an entity responsible for the gen-
eration of a stimulus. This could be a human or a computer. The stimulus is what
needs to be considered when it arrives at a system, while the environment is the
platform or condition of the system when a stimulus occurs. The artifact is what is
simulated as a result of the stimulus, and the response is the system's reaction to the
simulated stimulus. Finally, the response measure indicates that a response should
be measurable to allow the system requirements to be veri ed.

ADT primarily focuses on FRs and these FRs guide the decomposition process
and are mapped to the DPs. The Independence axiom is centered around maintain-
ing the independence of the FRs, which refers to the functional aspect of the system.
Non-functional requirements are not explicitly captured in the design process during
decomposition. Depending on the designer, they may or may not be implicitly con-
sidered when de ning the FRs. The Information axiom, which advocates minimizing

information content in design, may indirectly address some of the NFRs. A design
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with smaller information content correlates with a robust design, which translates to
improved reliability.

Also, one could argue that FRs give rise to the respective NFRs, and the NFRs are
implicitly addressed when the FRs are satis ed. Sometimes in ADT, the performance
aspect of a requirement is captured in the FRs, and the NFRs may be satis ed
through the choice of the respective DP. In terms of requirements de nitions, these
no longer qualify as functional requirements (FRs). In the decomposition process,
non-functional requirements (NFR) must be explicitly identi ed and included because
mistakes made in the requirements phase can lead to excessive costs in the design [79].

In ADT, Suh leaves it up to the designer to do what is best to understand and
translate the customer needs into requirements by working with them to address these
needs [46]. In axiomatic design there is no structure on how requirements should be
formulated, organized, and managed during the design process. Thompson attempted
to address this concern through the development of a requirements framework to
capture the stakeholder needs, requirements, constraints, selection, and optimization
criteria [79]. Also, while the RFLP framework establishes a relationship between
requirements and functions, it does not explicitly specify how requirements should
be organized and managed [28]. The framework also primarily focuses on functional
requirements and their associated performance with no speci ¢ emphasis on design
constraints and other types of requirements. As a result, the following observations

and gaps are identi ed:

Observation 9

The requirement process in ADT and RFLP are mostly focused on the func-

tional requirements with little to no guidance on how to manage and organize

other types of requirements.

60



_l Gap 2.1 !

ADT does not provide any framework to organize and manage the di erent

types of information collected during the requirement process.

_l Gap 2.2 !

The ADT and the RFLP frameworks do not explicitly account for non-

functional requirements during the design process, except in a few instances

where such requirements are considered.

2.4.3 SystemDesignBasedon Axiomatic DesignTheory (ADT)

There are four kinds of complexity in axiomatic design [47, 75]:
Real Complexity
Imaginary Complexity
Combinatorial Complexity
Periodic Complexity

Imaginary complexity addresses the lack of regularities present during the com-
position of the design matrix during the conceptual phase of design [47, 75]. Real
complexity addresses the lack of regularities in aligning the design and systems ranges.
This complexity a ects robustness in design, and this is related to the second axiom,
which addresses the minimization of information content. Combinatorial Complexity
and Periodic complexity are special cases of real complexity that are time-dependent,
and they change with time. Combinatorial complexity arises due to a lack of organi-
zation among interrelated processes, while periodic complexity arises due to a lack of
synchronization of processes.

ADT creates structure in design through the axioms, domains, hierarchies, zigzag-

ging, and appropriate prioritization. It guides the designer in the selection of the
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right design parameters that satisfy a given functional requirement. Through ax-
iomatic design, bad designs are eliminated during the conceptual stages of design,
leading to the best possible alternative based on the information content (axiom 2)
and appropriate decomposition (axiom 1). For new designs, the FRs are de ned
on a solution-independent environment [46]. This strength about ADT leads to the

following observation:

Observation 10

Axiomatic Design Theory (ADT) facilitates creativity and fosters innovation

or generativeness in the design process.

To support Observation 10, there have been initiatives to apply ADT in diverse
systems design problems. This includes its integration with systems design and en-
gineering methods as referenced in [27, 80, 81, 82, 83]. Speci cally, its application in
the functional-logical domain of the RFLP framework [84]. The applications of ADT
also include multi-objective optimization problems [85] and robust design studies [86].

However, axiomatic design has a limitation on its concentration on the architec-
tural aspect of design at the expense of the overall system design [87]. This means
that while ADT aids the designer in the decomposition of a system and mapping of
elements in the function space to the attribute space, it does not account for interac-
tions that exist between these system elements during design. This includes various
aspects of physical interaction such as geometry, spatial, interfaces, temporal, etc.
Tang, et al. state that when there are multiple designs that satisfy the indepen-
dent axiom, the best design has to be chosen based on the interactions between the

elements in the system [87]. This leads to the identi cation of the following gap:
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_l Gap 3.1 !

ADT is limited to its concentration on the hierarchical decomposition of a
system without providing any support to account for interactions that exist

between physical elements of the system.

In modern engineering design, the Design Structure Matrix (DSM) is considered
to be a good method to capture interactions between elements in a system, carry
out analysis, and aid in the management of complexity during system design. DSM
is mostly used for a system that has already been designed, rather than for newly
conceived systems. There has been some work in recent years that attempt to combine
the innovative strengths of ADT and the analytical strength of DSM during system
design to improve knowledge and address the limitation of ADT identi ed in Gap 3.1

[88, 89, 87, 90, 91, 92, 93]. DSM will be discussed brie y in the following section.

Design Structure Matrix (DSM)

Design Structure Matrix (DSM) is a simple and visual way to capture the interac-
tions, interfaces, and feedback among elements in a complex system. DSM not only
aids in the capture of these dependencies, but also through analysis it supports the
derivation of possible suggestions to improve and synthesize the system under design
[94]. DSM is used for a large variety of functions including project management,
product development, project planning, systems engineering, organization design [95]
and software architecture [96]. The concept of formulating a DSM is traced back
to the 1960s, but the rst publication of the method was done by War eld [97] and
Steward [98] in 1973 and 1981, respectively.

A DSM is a square matrix with rows and columns made up of identical elements as
shown in Figure 2.17. The cells in the diagonal of the matrix are the system elements.

The o -diagonal cells represent a dependency of one element to another. Generally,

63



each diagonal cell potentially has an input entering from the top and bottom and
outputs leaving from the left and right side of the cell [94]. The labels in the o -

diagonal cells represent the source and sinks of the input and output interactions,
respectively. From the example in Figure 2.17, Element B is receiving inputs from

Element C and D and sending output to elements A and D.

Figure 2.17: An example of a Design Structure Matrix (DSM)

DSM Con gurations As shown in Figure 2.18, the relationships among elements
in a DSM can be categorized into three: parallel, sequential, and coupled. The system
elements in the parallel or concurrent con guration do not interact with each other.
Therefore, these activities can be executed simultaneously, and there is no informa-
tion transfer required between elements of this con guration [99]. In the sequential
layout, there is a linear relationship between an element and another element. The
outputs of element A become the inputs of element B. In a coupled con guration,
two elements depend on each other, with information about element B needed before
a solution about element A can be achieved [94]. Also, coupled activities require

multiple iterations to arrive at a solution.

Types of DSMs  DSM can be created and adapted to the system under design.
However, the di erent types of DSMs can be primarily categorized into two: Static

and Time-Based DSMs as shown in Figure 2.19. Static DSMs generally represent the
dynamics and interactions between system elements that exist simultaneously and

are generally used for modeling the architecture of a system [95]. Static DSM can
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Figure 2.18: Relationship between elements in a DSM (from [94])

be further categorized into two: component-based DSM and people-based DSM. The
component-based DSM is used to show relationships that exist between components
and subsystems in a system architecture [100]. Component-based DSM can capture
di erent types of interactions, including spatial, energy, information, material, etc.
[101]. The people-based or team-based DSM is normally used for modeling organi-
zational structures, including the information ow between people and teams within
an organization. Individuals or teams within an organization can be represented as
elements in the matrix, and possible information ow could include the level of detall,
timing, direction, frequency, etc. [94].

Static-based DSMs are typically analyzed using clustering algorithms, which re-
order the rows and columns of a DSMs. These algorithms group components based on
a "speci c objective, often related to the number and intensity of interactions” among
the elements in the matrix [102]. The algorithms also absorb interactions internally
within a cluster, while minimizing or eliminating the interactions between separate
clusters [94].

The rows and columns in the time-based DSM represent a ow through time.

The upstream activities in a process must occur before the downstream activities,
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Figure 2.19: Types of DSMs (Adapted from [95])

and interfaces among elements could be seen as feedforward or feedback loops [95].
Time-based DSMs can also be further decomposed into two types: Activity-based
DSM and Parameter-based DSM as shown in Figure 2.19. Activity-based DSM is
generally used for modeling processes based on a series of activities to be executed
and their corresponding information ow. Parameter-based DSM is generally used

to analyze interactions at low-level parameter-based models [99]. They model rela-
tionships between systems elements at the parameter level including design decisions,
parameter exchanges, system of equations, etc. [95, 103]. Time-based DSM are
normally analyzed using sequencing algorithms. Sequencing algorithms are used to
reorder the rows of a DSM with the aim of minimizing the number of cycles or iter-
ations within the system [96]. The goal of a sequencing algorithm is to arrange the
activities in the DSM such that as many interactions as possible are positioned below
the matrix's diagonal [102].

Recent literature has attempted to extend the DSM to allow for mapping between
two domains through a matrix called the Domain Mapping Matrix (DMM) [94]. The
DMM are usually rectangular matrices. Unlike the DSM, where the rows and columns
are the same elements, in DMM, the rows and columns could be di erent elements.

A new category of DSM called Multi-Domain Matrix (MDM) has also recently been
introduced [94, 102, 104]. Itis a combination of DSMs and DMMs in a single matrix.

It is used to capture multiple interactions across multiple domains, including di erent
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element types. Like DSM, the MDM is also a square matrix, and it is useful to analyze
and visualize very large systems. The analytical power of a DSM and its capacity to
adequately capture interactions between elements in a system leads to the following

observations:

Observation 11

DSM is highly e ective in capturing system interactions both from static and

temporal perspectives.

Observation 12

DSM is less e ective in analyzing interactions for innovative designs, i.e., A

DSM cannot be obtained for a product that never existed.

From both observations, while DSM is useful for capturing interactions and iden-

tifying pitfalls in design, the following gap has been identi ed from literature:

DSM identi es system elements with dependencies, but does not capture o

classify the underlying reasons for these identi ed system interactions.

There have also been recent e orts to extend the standard DSM with the creation
of the Extended Design Structure Matrix (XDSM), which concurrently shows the
data dependency and process ow on a single matrix [105]. The XDSM was primarily
created to aid in the development and analysis of Multi-Disciplinary Design Analysis
and Optimization (MDAQO) problems. However, it still fails to address the problem

identi ed in Gap 3.2.

2.5 Product and Analysis Architecture Transitions

The third observation identi ed in section 1.4.3 states that expert knowledge and

judgement are used during product-analysis transitions. For a de nition of transi-
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tion, refer to section 1.4.3. Also, Prasad, et al. state that transitions between a
product and analysis architecture should occur when the "consequences of the im-
plementation environment start to show" [38]. This is in agreement with the notion
that during design, the decomposition process should be as solution-independent as
possible to allow for innovation, creativity, and minimize bias. Prasad, et al. imply
that a transition should occur during the system decomposition process when the
implementation environment of a design, including the specic tools and methods
required, becomes more apparent to the designer.

The speci ¢ methods and tools are de ned in the analysis architecture as high-
lighted in Figure 1.9. The logical layer of the RFLP framework within the analy-
sis architecture de nes how the analyses necessary for realizing a given product are
achieved. The dierent analysis methods or options are also de ned in this layer.
An engineer's major challenge during system design is identifying the importance of
the various aspects of the system before or during transition. Doing this will enable
the engineer to perform the appropriate simpli cation or idealization of the system
during analysis and ensure that the behavior of the model being developed is suitable,
realistic, and satis es the customer requirements [106].

Carrying out appropriate simpli cation or idealization maximizes information
while minimizing computational cost and time during design and analysis. It also
aids in decision-making during system design. Finn, et al. distinguish simpli cation
from idealization [106]. Simpli cation includes dimensional reduction, geometric sym-
metries, feature removal, domain alteration, phenomenon removal, and phenomenon
reduction. Idealization includes phenomenon idealizations, boundary condition ide-
alization, and material idealization. These attributes are things an engineer needs
to consider in the analysis architecture domain when deciding the selection of the
analysis method based on the suitability of the problem. This leads to the following

observation:
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Observation 13

Carrying out appropriate simpli cation or idealization of a system during design
can lead to time and cost savings when trying to determine what set of analyse$

is suitable for a given product architecture.

The discussion about simpli cation and idealization of a model during design
can be better represented by understanding the appropriate level of model delity
needed. A model's delity is typically measured in terms of its level of detail. It
is a measure of a model's accuracy when compared to reality. High- delity models
are more representative of the real world, and low- delity models are less realistic.
However, both high and low- delity models provide some level of information needed
to make decisions during design. The choice of which models to use depends on the
designer, available resources, suitability, and constraints. In his thesis, Cox identi es
the fundamental aspects of model delity and proposes how the delity of a model
can be evaluated [107].

In addition to Gap 1.2 identi ed in section 1.5, there is currently no guidance
on how to account for model delity during system decomposition within the RFLP

framework in the analysis architecture domain. The following gap results from this:

During system decomposition and transition between product and analysis ar

chitectures, the level of model delity in the analysis is not considered.

Through a delity analysis, an engineer is able to evaluate the di erent ways
a solution can be achieved based on suitability and capturing the physics of the
problem. For example, an engineer can use lower delity methods like Vortex Lattice
to understand the aerodynamic behavior of an aircraft during ight, but if the engineer
needs more information about compressibility e ects, a higher delity method like

Computational Fluid Dynamics (CFD) can be used. The engineer can also explore
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multi- delity approaches by combining results from these two methods during the

design process.

2.6 Chapter Summary

The motivation for this dissertation described in chapter 1 led to the initial four
observations and two major gaps. To address the gaps identi ed in chapter 1, this
chapter summarizes e orts from the literature review. In an e ort to understand
how decompositions can be created within the RFLP framework using theoretical

approaches that introduce structure, the following observations were made:

5. The various design theories aim to capture knowledge and foster innovation in
the design process and the development of a systems architecture using logic,
steps, or theoretical foundations rooted in mathematics. However, their di ering

approaches a ect the potential outcome of the design.

6. Some theories focus more on a specic aspect of design (e.g., mapping be-
tween functions and attributes) compared to others (e.g., the interplay between
concepts and knowledge, knowledge transformation, robustness, steps, etc.).
However, some other aspects of design exist implicitly in the respective design

theories.

7. The mathematical foundation of many design theories is grounded in set theory,

where elements of the design are conceptualized as entity sets.

8. Axiomatic Design Theory (ADT) aligns closely with the six identi ed criteria
and is more suitable for decomposition within the RFLP framework, as well as

the potential to serve as a foundational basis for other design theories.

9. The requirement process in ADT and RFLP are mostly focused on the func-

tional requirements with little to no guidance on how to manage and organize
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10.

11.

12.

13.

other types of requirements.

Axiomatic Design Theory (ADT) facilitates creativity and fosters innovation or

generativeness in the design process.

DSM is highly e ective in capturing system interactions both from static and

temporal perspectives.

DSM is less e ective in analyzing interactions for innovative designs, i.e., A

DSM cannot be obtained for a product that never existed.

Carrying out appropriate simpli cation or idealization of a system during design
can lead to time and cost savings when trying to determine what set of analyses

is suitable for a given product architecture.

The following gaps were identi ed from the observations:

N

Gap 2.1: ADT does not provide any framework to organize and manage the

di erent types of information collected during the requirement process.

Gap 2.2: The ADT and the RFLP frameworks do not explicitly account for
non-functional requirements during the design process, except in a few instances

where such requirements are considered.

Gap 3.1: ADT is limited to its concentration on the hierarchical decomposition
of a system without providing any support to account for interactions that exist

between physical elements of the system.

Gap 3.2: DSM identi es system elements with dependencies, but does not cap-

ture or classify the underlying reasons for these identi ed system interactions.

Gap 4: During system decomposition and transition between product and

analysis architectures, the level of model delity in the analysis is not considered.

The current thesis structure is shown in Figure 2.20.
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Figure 2.20: Thesis Structure: Observations and Gaps
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CHAPTER 3
RESEARCH FORMULATION

3.1 Introduction

Chapter 2 explored a variety of ways the overarching research question could be
answered based on current literature, including identifying a suitable design theory
(ADT) to facilitate the system decomposition within the RFLP framework. A closer
look at ADT capabilities led to the identi cation of ve more gaps summarized in sec-
tion 2.6, supplementing the initial gaps outlined in section 1.5. As a recap, the initial
gaps identi ed the lack of a structured method orhow transitions can be managed
between product and analysis architectures (Gap 1.1), and a lack of consensus on
when to establish these transitions during system decomposition (Gap 1.2). These
gaps led to the motivating question for this dissertation, which led to the formulation

of the research objective shown below.

Main Research Objective .

Develop and implement a method that enables a rigorous decomposition procegs

between product and analysis architectures in a more formal and structured

o

manner using a set of theoretical foundations based on mathematical principle

to:
1. characterize systems phenomena
2. provide stakeholder value through the development of a robust design

3. ensure traceability is enforced from requirements to product design

The research objective led to the formulation of the overarching research question
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for this dissertation. This chapter will address the additional identi ed gaps from
chapter 2 and formulate respective research questions for each gap. A hypothesis for
each research question will be proposed and a corresponding experiment to substan-
tiate the respective hypothesis will be developed. Finally, the overarching research

hypothesis will be proposed.

3.2 Overview of Research Plan

The research plan for this dissertation consists of an overarching research question
(Research Question 1) and three primary research questions (Research Questions 2-
4). Research Question 3 is broken down into sub-questions to enhance clarity and
focus. The three primary research questions will address the ve gaps identi ed in
chapter 2 as shown in Figure 2.20. To answer the overarching research question, these
guestions form the basis of the proposed methodology for this dissertation.

Research Question 2 aims to address two limitations of ADT relating to re-
quirements elicitation, analysis, and organization. ADT primarily focuses on the
functional requirements of a product with little to no emphasis on how other types
of requirements relating to the product can be captured, organized, and included in
the decomposition process of the system being designed.

Research Question 3 aims to synthesize ADT and RFLP. To facilitate system
decomposition, concepts from ADT are integrated into the RFLP framework. Also,
Research Question 3 has sub-questions that aim to identify and capture interactions
in the functional and physical space during system decomposition. It also addresses
when transitions should occur during decomposition.

Research Question 4 integrates delity analysis during system decomposition
because it aids in the selection of a suitable analysis method for the system under
design. During system design, this allows engineers and designers to explore multi-

delity techniques to ensure model accuracy is maximized and costs are minimized.
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Finally, the Overarching Research Hypothesis for this dissertation is pro-
posed, which will be substantiated by the proposed methodology in subsequent chap-
ters and achieves the main research objective. Figure 3.1 shows an overview of the
research plan, which includes the research questions, hypotheses, and experiments

addressed in this dissertation.
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Figure 3.1: Thesis Structure: Overview of Research Plan
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3.3 Research Area 2: Integrating Non-Functional Requirements into the

Design Process

The ninth observation in section 2.4.2 led to Gaps 2.1 and 2.2, which highlighted the
lack of a requirement organization and management framework in ADT and the em-
phasis on functional requirements in both ADT and RFLP. It has been acknowledged
in research that the ADT framework does not create provisions for the inclusion of
NFRs during system decomposition [79, 108, 109, 110, 111, 112, 113, 114]. Some of
these studies took a step further to propose the inclusion of NFRs within the func-
tional domain of the ADT framework. This way customer attributes in the customer
domain are mapped to both the FRs and NFRs in the functional domain.

Mabrok, et al. de ned the concept of an extended ADT design matrix (DM),
which includes NFRs together with the FRs and are mapped to the DPs [114]. The
proposed extended DM is a 3 1 block matrix, where the rst element of the matrix is
the standard ADT design matrix, which maps FRs to DPs. The remaining elements
in the block matrix represent the mapping between the NFRs and the DPs. For the
NFRs, the selection choices arkl; 0; 1g, which de nes the relationship between the
NFR and the DPs. The number "one" indicates the selected DP satis es the NFR,
where "zero" indicates the selected DP does not satisfy the NFR and "negative one”
means no relationship exists between the selected DP and the NFR.

Alkan, et al. proposed similar extensions that include NFRs in ADT design matrix
[111]. In this case, they proposed a three-dimensional design matrix that shows the
relationship between FRs, NFRs, and DPs. The rst block matrix's DM shows the
relationship between FRs, NFRs, and DPs. The second block matrix de nes the
relationship between the FRs and NFRs, while the third block matrix de nes the
DPs that satisfy the NFRs. Pourabbas, et al. also proposed the inclusion of NFRs

into the ADT framework using an entropy-based approach [113].
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Most of the studies that evaluated the requirements framework of ADT did not
explicitly de ne how stakeholder needs and requirements are translated into func-
tional and non-functional requirements. In addition, the studies did not address how
requirements are organized and managed during system decomposition. However,
Thompson attempts to improve the process of requirement management in ADT
through the generation of a stakeholder spreadsheet that captures the stakeholders
involved in the design, including the identi cation of the functional, non-functional
requirements, constraints, and design selection criteria [79, 108].

Often, the non-functional requirements and selection and optimization criteria
result in the formulation of new requirements that are not explicitly stated by the
customer. Thompson notes that failure to identify these additional requirements in
design leads to incomplete design speci cations, which could be the foundation of sig-
ni cant design failures [79]. While her spreadsheet helps identify the non-functional
requirements, it does not create a mechanism to establish traceability from these
requirements to the functional, logical, and physical architectures. This aspect is
particularly important within the RFLP framework, especially as systems engineer-
ing practices increasingly adopt model-based approaches. Also, there are very limited
studies on how requirements can be organized and managed within the RFLP frame-
work. However, Krog, et al. discuss the di erent types of requirements that should
be captured within the RFLP framework, their levels of abstraction, and how they

should be mapped [115]. The following research question can then be formulated:

Research Question 2

How can non-functional requirements be integrated into the design process angl

organized to ensure traceability is enforced during system decomposition?
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3.3.1 Classi cation of Non-Functional Requirements(NFRS)

Non-functional requirements (NFRs) are not always explicitly identi ed by the cus-
tomer. Sometimes, they could come in the form of specic constraints or desired
performance attributes of the system under design. Also, additional NFRs may need
to be identi ed for the functional requirements to be satis ed. Similarly, NFRs at
a higher level of abstraction can lead to FRs at lower levels [115]. There have been
di erent classi cations of NFRs in literature across various disciplines. NFRs vary
by application and are typically classi ed as performance requirements, design con-
straints, and sometimes as quality attributes. The general consensus among experts
is that NFRs are speci cations that do not de ne the system's functionality.

Kotonya and Sommerville classi ed NFRs into three: process requirements, prod-
uct requirements, and external requirements as shown in Figure 3.2 [116]. Depending
on how detailed a requirement is, sometimes it can be di cult to distinguish between

functional and non-functional requirements.

Figure 3.2: Classi cation of NFRs (Adapted from [116])

The product-related NFR "specify the desired characteristics that a system must
possess" [116]. This product-related NFR is not to be confused with the general
product requirements speci ed in the product architecture of the RFLP framework

since it addresses only what a system "must possess"”. The product requirements in
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the RFLP framework refer to all requirements pertaining to the product or system
under design, including both what the system must possess and what the system
must do. The NFRs also gives rise to quality attributes the system should possess,
including scalability, interoperability, availability, safety, etc. Some NFRs are artic-
ulated precisely and can be easily quanti ed. e.g., performance requirements, while
some of them are di cult to quantify and are usually stated in a less formal way, e.g.,
usability requirements.

Process-related NFR are "constraints that are placed on the development process
of a system" [116]. These requirements may arise due to the customer's desire to in u-
ence the development process of the system and may not always be identi ed together
with the initial requirements. An example of process-related NFR could be a require-
ment specifying the development process a product design should follow, e.g., ISO
standards, etc. [116]. The external-related NFR are derived from the environment
in which the system is developed and could be placed on both the product-related
NFRs and the process-related NFRs. Examples include organizational consideration
and system integration with other existing systems.

NFRs are usually related to one or more FRs, and they may not directly a ect
the function of a system. However, they are very important to ensure the successful
operation of a system. Hasan, et al. conducted a systematic review of the various
NFRs approaches and classi ed the various approaches using some evaluation criteria,

including the formulation of quantitative analysis on NFR scope and attributes [117].

3.3.2 Enabler: SystemsModeling Language(SysML)

MBSE built on three core pillars: language, tool, and methodology. These com-
ponents facilitate traceability, systems architecture, and design. As highlighted in
Table 1.1, language allows for system description and speci cation of a model. In

MBSE, SysML is considered the de facto language and standard used in describ-
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ing systems and their relationships. SysML, a subset of Uni ed Modeling Language
(UML), which is based on an object-oriented paradigm, is a graphical modeling lan-
guage for "specifying, analyzing, designing, and verifying complex systems that may
include hardware, software, information, personnel, procedures, and facilities" [118,
119]. UML 2.0 had 13 diagrams used to represent software systems. SysML has nine
views, with seven of the diagrams taken directly from UML and the addition of two
new views: requirement and parametric diagrams shown in Figure 3.3. With the
inclusion of these new diagrams, SysML can be categorized into four pillars: Require-

ments, Structure, Behavior, and Parametrics.

Figure 3.3: SysML diagram types used to represent viewpoints in systems design
(Adapted from [118])

In SysML, the requirements are part of the system model, design, and test proce-
dures. Relationships between requirements also exist to allow for traceability among
system elements. The requirements can be speci ed irrespective of the level of detail
needed to de ne a system. Requirements are captured as elements in the SysML
model and can be represented using the requirements diagram type, but can also
be expressed in tabular form. The requirements diagram consists of three basic el-
ements: requirements, relationships, and test cases shown in Figure 3.4 [120]. The

various relationship types that exist in SysML between the requirements are derive,
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nest, satisfy, trace, re ne, and verify [118, 120, 119]. These relationships are used to

establish traceability to elements in a model.

Figure 3.4: Partial meta-model for SysML requirement diagram (from [120])

The derive relationship is a dependency between two requirements where one
requirement is generated from the source requirement. Nesting is when requirements
are decomposed into sub-requirements. The satisfy relationship is a dependency used
to show that a model element satis es a requirement. Trace relationship is used to
establish the relationship between a requirement and any model element, including
other requirements. The re ne relationship illustrates how model elements can re ne
each other. Finally, verify relationships are used to illustrate how test cases verify
requirements [120, 121].

The structural feature of SysML shows the \what" of a system, and it consists
of the Block De nition Diagram (BDD), Internal Block Diagram (IBD), package
diagram, and the parametric diagram. The BDD de nes the system hierarchy and

the various component classi cations. The IBD describes the internal structure of
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a system using block properties and connectors between properties. The package
diagram is used to ensure the organization of an architecture model. Vinarcik de nes
the mappings between block elements in the RFLP framework, allowing traceability
from the functional architecture to the logical and physical architectures [122].

The behavior pillar of SysML shows the \how" of the system. The behavioral
diagrams are used to show how the system behaves from the top level of abstraction
to the lower levels of abstraction. Four diagrams shown in Figure 3.4 are used to
model the behavior of a system. They include the use case diagrams for high-level
interactions, sequence diagrams for interactions between elements of a system, the
state machine diagram to de ne state transitions in the system and actions the system
executes in response to the various states, and nally, the activity diagram to show
the ow of data and events between activities in a system [118, 120, 121]. Finally, the
parametric diagram allows analysis models to be produced, including the de nition
of complex constraint relationships used in the veri cation and validation of models
[120].

NFR is not a formal standard in SysML, however in addition to functional require-
ments, SysML includes speci c instances of NFR as a stereotype. These instances of
NFRs include interface requirement, performance requirement, physical requirement,
business requirement, usability requirement, and design constraint. For this disserta-
tion, SysML is an enabler for the integration of ADT within the RFLP framework, so

its NFR shortcomings must be addressed. As a result, Hypothesis 2 can be proposed.

Hypothesis 2

If SysML requirement structure can be extended to encompass the various types
of NFR, including specifying its quantitative attributes and de ning the rela-
tionships that exist among requirements, then non-functional requirements can

be integrated into the design process.
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Though SysML does not currently have the term "non-functional requirements”
as one of the identi ed requirement categories, it provides a mechanism to extend the
language through a property called Stereotype. A stereotype in SysML is a mechanism
for customizing and extending modeling elements in SysML to suit speci ¢ use cases
[118, 120, 121]. It allows for the extension of a metaclass to create new element
types with custom properties. These properties may sometimes be referred to as tag
de nitions, with their corresponding values known as tagged values. There have been
e orts to extend SysML to include the addition of NFRs during system design [123,
124]. Experiment 2 will be used to substantiate Hypothesis 2 in an e ort to answer

Research Question 2.

Experiment 2 ]

Evaluate the e ectiveness of including NFR during requirements elicitation and

analysis in the conceptual design phase.

Experiment 2 will extend SysML requirement structure to include non-functional

requirements, create a process for requirement decomposition and management, and
evaluate the e ectiveness of including NFR during requirement analysis. The experi-
mental setup, tools, and procedures for this experiment will be covered in chapter 5.
An expected outcome is the categorization of functional and non-functional require-
ments, decomposition of high-level requirements into sub-requirements, and estab-
lishment of relationships between requirements to provide comprehensive coverage of

stakeholder and system requirements.

3.4 Research Area 3: Integration of RFLP with Axiomatic Design Con-

cepts

The Axiomatic Design Theory application in system design was discussed in sec-

tion 2.4.3. This led to the tenth observation of the dissertation which identi es that
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the decomposition of a system using ADT facilitates creativity and fosters innovation
in design. However, in Gap 3.1, it was found that ADT did not support interactions
among physical elements and that it was only capable of mapping elements between

domains. This gap leads to the identi cation of the following research question:

Research Question 3 .

How can Axiomatic Design be extended to account for both mapping betweern

domains and interactions among elements in a single domain while being inte

grated in the RFLP framework?

To answer Research Question 3, understanding the ways information ows between
elements in a system and how they are captured in a structured manner is important.
DSM was identi ed in section 2.4.3 as a method to capture and analyze interactions
between elements in a system and aid in the management of complexity in systems.
The question now becomes, how can the innovative strength of ADT and the analysis
strength of DSM be combined during system design to address Research Question 3?
As previously mentioned, some works over the past years have attempted to address
this problem [88, 89, 87, 90, 91, 92, 93, 125].

Dong and Whitney initially proposed a method to obtain a DSM from the DM
in axiomatic design [88]. This three-step process shown in Figure 3.5 starts with
the construction of the DM from axiomatic design, followed by the selection of an
output variable in each row of the DM and nally permuting the matrix through the
exchange of rows to make all output variables on the diagonal of the matrix [88]. To
obtain a DSM the rows are then renamed to match the columns of the matrix. The
output variable is the variable being made the subject of the formula for an equation.
Therefore, this means that there is only a single output variable for each row and
column in a DM.

Dong, et al. demonstrated that the only valid output variable choices during the
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Figure 3.5: Conversion of DM to DSM (from [87])

transformation of a DM to DSM are the elements in the diagonal of the design matrix
[88]. They proved this using the logic of the design process and a mathematical proof
that involved the convergence of the design iteration. They did this by assigning
sensitivity numbers to each element in the DM and selecting di erent sets of output
variables for the same problem. The sensitivity numbers are a percentage of change
in satisfying a particular FR as a result of a unit of change that occurs in a DP. The
resulting solution led to the conclusion that the con guration with an output variable
on the diagonal always converges, while the con guration with an output variable on
the o -diagonal does not converge. This is also tied to the logical explanation in which
the main elements that satisfy the FRs are put in the diagonal, and other elements
satisfying the same FRs are placed in the o -diagonal of the matrix. Doing this allows
a component to be designed for its primary function rather than a secondary function
[88, 126]. For clari cation, DPs in ADT are system components or elements that
satisfy the FRs.

Dong, et al. validated their technique to ensure the transformation process from

DM to DSM was accurate [88]. However, it is important to note that the validation
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was done with respect to an expert prediction of the system interaction and not the
actual interactions that occur after the physical product has been built. When the
physical product was built, it was con rmed that the created DSM from DM accu-
rately predicted the issues that came up during the integration process. Guenov and
Barker [89] also proposed a method of transforming DM to DSM using foundations
from Dong, et al. [88] by creating a DSM for every level of decomposition as op-
posed to just the leaf node level. They claim this would enforce traceability in the
integration phases of design.

Tang, et al. represented the integration of DM and DSM using formal and precise
mathematical language in an attempt to investigate the logic of transformation from
DM to DSM [87]. They built on the transformation process from Dong, et al. [88] and
the decomposition process from Guenov, et al. [89] to propose a recursive interaction

framework between DM and DSM shown in Figure 3.6.

Figure 3.6: Recursive interactions between DM to DSM (from [89])

From Figure 3.6, the FRs at a level of hierarchy is mapped to the DPs at the
same level using ADT Independence axiom (axiom 1). The design matrix is then

constructed based on the mapped elements (solution principle - SP on the gure) and
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transformed into DSM using Dong, et al. [88] matrix permutation. A design synthesis
occurs based on the derived DSM with the inclusion of a technical feasibility check
and a predicted product property (PP) analysis i.e., the expected performance of
the product or design parameter that satis es the FR. If this evaluation passes, the
decomposition process advances to the next level, else a repeat of the same process
is conducted at the same level [89].

It has been shown that it is possible to transform the DM of axiomatic design
into a DSM at various levels of hierarchy in the system decomposition process, and
this transformation process can be represented using formal mathematical language.

Therefore, the following hypothesis can be proposed from this:

Hypothesis 3

If a structured modeling method such as the design structure matrix (DSM) is
integrated with axiomatic design, then axiomatic design can be extended to map
elements across domains, identify and analyze interactions between elements

within a single domain.

Though ADT has its own framework described in section 2.2.3, which consists
of the customer attributes, functional requirements, design parameters, and process
variables, the RFLP framework provides a more holistic framework aligned to MBSE
that allows elements to be mapped between both product and analysis architectures.
As in most current decomposition approaches, ADT maps domains sequentially, where
the product architecture is developed rst, and then analysis is performed. The
product side of the ADT framework is the mapping between the FRs and DPs, while
the analysis section involves the mapping between the DPs and PVs.

As a design evolves, establishing traceability from both the product and analy-
sis elements back to the fundamental requirements is important. This ensures that

the evolving design continues to meet the stakeholder requirements and aids in the
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management of complexity inherent in the design process. Having the ADT frame-
work in a sequential manner makes it di cult to trace analysis elements back to their
actual product elements, especially new requirements developed during the analysis
decomposition.

Given this dissertation's primary focus on concurrent mapping, transition, or sys-
tem decomposition between both product and analysis architectures, the entire ADT
framework will not be integrated with the RFLP framework. Instead, key concepts
from ADT, particularly its two axioms and the zigzagging attribute, will be selec-
tively incorporated into the RFLP framework to enrich and guide the development
of the system architecture.

During system decomposition, it is important to understand when to stop and
what will trigger a transition from one decomposition tree to another or from the
product architecture to the analysis architecture. As a result, a structure can be
created during system decomposition. This leads to the formulation of a smaller

research question.

Research Question 3.1

What triggers the transition from one decomposition tree to another and be-

tween product and analysis architectures?

Brown states that a good decomposition should be MECE, which means it must
contain everything and have no redundancies with the inclusion of only elements
relevant to the intended requirement or system element [53, 127]. Therefore, the
identi ed system elements or elements in a decomposition tree should be distinct and
non-overlapping. Every decomposition tree must cover all relevant aspects, function-
alities, and properties of the system. Decomposing a system in this manner enhances
clarity, e ciency, and thoroughness. Therefore, Hypothesis 3.1 can be formulated

from this:
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_[ Hypothesis 3.1 ]

3

If a system decomposition adheres to the MECE principle, with the sum of

the children equaling the parent and no redundancies exist among the childre

—

then a transition should be triggered between decomposition trees or between the

product and analysis architectures.

Hypothesis 3 and 3.1 will be substantiated using experiment 3.

Experiment 3 |

ADT-RFLP integration to create a structured and more holistic decomposition

of a system.

Experiment 3 will create a decomposition within the RFLP framework for both

the product and analysis architectures using the decomposed requirements from Ex-
periment 2. The independence axiom, together with the zigzagging attribute, will be
used to create a structure within the framework. Through this process, the functional,
logical, and physical architectures will be developed. The axiomatic DM and DSM
for the system will also be created. The experimental setup, tools, and procedures for
this experiment will be covered in chapter 6. An expected outcome is the appropriate
decomposition of the requirements into functions, logical, and physical elements for
both the product and analysis architectures.

In section 2.4.3, DSMs were categorized into static and time-based. Creating
a DSM for both the product and analysis architectures is not su cient. Both the
product and analysis architectures should use the respective appropriate DSM type.
The type of DSM used will also determine the type of analysis to be executed to
capture the system dependencies.

Since the product architecture mostly consists of the decomposition of the physical

system into subsystems and components, the created DSM will be a static DSM [95,
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100] as described in paragraph 2.4.3. The analysis architecture outlines the di erent
analysis methods used to achieve a solution. It asks the question of what set of
analyses are needed to obtain a physical product de ned in the product architecture.

The elements in the DSM for the analysis architecture will most likely be design

parameters and analysis methods. Also, analysis execution tends to be procedural
and occur in sequence. Therefore, a time-based DSM will be more appropriate for
a DSM created in the analysis architecture [95, 99]. A sub-research question can be

formulated from this:

Research Question 3.2

Lo 2

How can dependencies be analyzed and minimized within the DSMs for produg

and analysis architectures?

The static DSMs used for the representation of product architectures is a component-
based DSM while the time-based DSM used for the analysis architecture representa-
tion will be a parameter-based DSM. The activity DSM, which is also a time-based
DSM, can also be used for analysis architecture representations. However, they are
mostly used for modeling high-level processes, while parameter-based DSMs are used
for modeling low-level processes. In the framework developed in Experiment 3, DSM
are created in the logical layer of the RFLP framework. At this stage in the prod-
uct architecture, the systems that achieve the functions are already de ned, while
in the analysis architecture, the various analysis methods have been de ned. This
means ideas about the physical product and implementation environment are becom-
ing more evident with elements from the logical layer allocated to elements in the
physical architecture.

It was previously mentioned in section 2.4.3 that static DSMs are normally ana-
lyzed using clustering algorithms, while time-based DSMs are analyzed using sequenc-

ing algorithms. Hence, the following hypothesis can be drawn from this conclusion:
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_[ Hypothesis 3.2 ] .

If the created DSMs are component-based and parameter-based for product and
analysis architectures respectively, then a clustering algorithm can be used to
analyze the component-based DSM, while a sequencing algorithm can be used

for the parameter-based DSMs.

Experiment 3.2 will substantiate Hypothesis 3.2 to ensure the right algorithms
are used to analyze and manage dependencies in the created DSMs for the product
and analysis architectures, respectively. Clustering algorithms expose hidden patterns
among elements by grouping elements that share similarities into clusters. Sequencing
algorithms remove unexpected feedback and minimize the feedback loops in a design
by allowing the identi cation of tasks to be executed in series, in parallel, and through
iteration (coupled) [128, 129]. Both clustering and sequencing are forms of DSM
partitioning analysis, which uses an objective, usually as a function of the strength

and number of interactions, to reorder the rows and columns of the matrix [102].

Experiment 3.2 ]

Analyze the created DSMs using the appropriate algorithm to manage syste

interactions, identify potential couplings, and mitigate couplings.

Experiment 3.2 will analyze the created DSM using a clustering algorithm and

a sequencing algorithm for the product and analysis architectures, respectively. The
goal of this experiment is not to identify a superior algorithm, but to illustrate that
these algorithms can be e ective in analyzing DSMs. The experimental setup, tools,
and procedures for this experiment will be covered in chapter 6. An expected out-
come is an optimal arrangement of elements into highly connected groups for the
component-based DSM and a minimization of feedback loops in the parameter-based

DSM.
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3.5 Research Area 4: Fidelity Analysis During System Decomposition

The thirteenth observation identi ed that appropriate simpli cation or idealization

of the system during design can result in time and cost savings. This ensures that the
designer receives the essential information needed to make key design decisions. In the
logical layer of the RFLP analysis architecture, di erent ways of analyzing a system
under design are de ned. This layer asks the question, "how is it done, or what are the
di erent ways a solution could be achieved?". In conceptual design, simulation is used
to answer these questions during system decomposition and architecture development.
It is important to ensure, however, that the simulation being executed is appropriate
for the problem at hand. Therefore, the selection of analysis methods is based on
their suitability to the design problem.

A method's suitability can be determined by asking the following questions:
Is this the right method for the problem?

What is the desired level of accuracy?

What is the desired speed of the process/method?

What is the desired number of iterations?

While questions are not exhaustive, they can help inform decisions that are made
by the engineer when trying to determine what analyses to perform to realize a given
product architecture. For example, during the conceptual design phase, an engineer
may be satis ed with a simulation accuracy of 10% and may be willing to use an
analysis method with a lower delity. As the design progresses towards the detail
design phase, a simulation accuracy 0f10% may no longer be su cient, and higher
delity methods may be desired. During conceptual design, the goal is to maximize
knowledge as much as possible, and the choice of analysis methods may a ect how

much knowledge is gained during the design.
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As previously mentioned in section 2.5, the test of suitability questions can be
answered by performing a delity analysis. In simulation, this delity analysis is pri-
marily based on how well the physics of the problem is captured. This then a ects
other factors like the desired accuracy, time constraint, desired number of iterations,
etc. During system decomposition, the design process often overlooks the considera-
tion of various analysis options and the impact of the chosen analysis method on the
physical architecture or product.

As identi ed in section 2.5, there is no guidance on how model delity analysis
could be performed based on the suitability of the design problem during transitions
between product-analysis architectures. This led to the Gap 4 on this dissertation

and the formulation of the following research question:

Research Question 4

How can a suitable analysis method be determined based on the di erent delity

levels while transitioning between product and analysis architectures?

Model delity is the degree to which a model produces the same characteristics
as a real physical system [130]. This could be tied to the various levels of detail in a
model, meaning that a high- delity model will have a higher resolution than a lower-
delity model. During design, di erent analyses with varying levels of delity could
also be used to get information about a model in order to minimize cost and maximize
e ciency. The combination of multiple- delity methods is known as a multi- delity
approach. Di erent delity frameworks have been developed over the years [130, 131,
132, 133]. There are also more frameworks summarized in the following PhD theses
[107, 134].

In his thesis, Roza provides a better understanding of simulation delity and
attempts to address issues in simulation delity through a formal and systematic

approach [134]. In a more recent thesis by Cox [107], he developed a framework to
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compare various multi- delity options. Cox provides a more comprehensive under-
standing of delity and discusses how to capture and quantify the delity of a model
during the conceptual phases of design [107]. Cox identi ed that resolution, abstrac-
tion, and scope are the primary characteristics of a model that determine how well
a system is represented when compared to the real world. He also states that model
delity can be easily understood using model probabilities and a multi- delity scoring
framework process [107].

In the RFLP framework, being able to quantify the delity of the various analysis
methods in the logical layer of the analysis domain is important, because it will help
the engineer decide the most suitable analysis method for the product de ned in the
physical layer of the product architecture. This would not only help in knowledge
expansion and minimization of cost, but it also facilitates informed decision-making
during system design. The model delity framework proposed by Cox [107] aligns
well with the delity analysis requirements of Research Question 4, o ering a more
appropriate approach to the selection of analysis methods based on suitability. Cox's
methodology is tailored for assessing model delity in scenarios where model data is
unavailable [107]. This becomes patrticularly relevant in the conceptual design phase,
where model data scarcity presents a signi cant challenge. Therefore, the following

hypothesis can be proposed:

Hypothesis 4

If the resolution of the system description, abstraction of real-world behavior,
and scope of the included entities can be used to determine and compare the
relative delity characteristics of models, then the delity levels of the various
analysis options can be quanti ed, and determined during the transition between

product and analysis architectures.

Experiment 4 will substantiate Hypothesis 4 by embedding the methodology de-
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veloped by [107] into the RFLP framework.

Experiment 4 ]

Evaluate and compare the model delity of di erent analysis methods based

on desired suitability.

Experiment 4 will evaluate and compare the model delity of di erent aerody-

namic analysis methods based on a desired suitability. Fidelity analysis is performed
by ranking the models based on some criterion given by an expert opinion. The ex-
pert opinion is then used to create an informed prior distribution using kernel density

estimation (KDE) that can be corrected or adjusted based on model data. The exper-
imental setup, tools, and procedures for this experiment will be covered in chapter 7.

An expected outcome is a metric showing the delity scores for each model.

3.6 Overarching Research Hypothesis

The aim of the research objective highlighted at the beginning of chapter 3 is to
develop a method that enables a rigorous decomposition process between product
and analysis architectures and create a structure during system decomposition that
is based on a set of theoretical foundations. Doing this allows for understanding
and clarity during system design, enforces traceability from requirements to system
elements, and aids in the development of a robust design. Based on the ve research
guestions formulated in this chapter and their corresponding proposed hypothesis,

the following overarching research hypothesis for this dissertation can be proposed:
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_[ Overarching Research Hypothesis (Hypothesis 1) ]

If concepts from a structured and formal design theory such as Axiomatic Desig
is used in the decomposition process of a design to establish a mapping between
product and analysis architectures, then a framework that synthesizes concepts

from ADT and RFLP can be used
to formalize design transitions and develop the structure of a design

identify and mitigate couplings in the functional and physical space during

conceptual design

measure design progress and reduce uncertainty in predicting the success

of design solutions

The overarching research hypothesis will be substantiated using the proposed
methodology developed for this dissertation. A high-level of the methodology will

be presented in chapter 4, with a more granular method de ned in chapter 8.
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CHAPTER 4
METHODOLOGY AND TEST CASE DEFINITION

4.1 Introduction

In Chapter 3, three research areas were discussed, the research structure for this thesis
was de ned, and the overarching research hypothesis was proposed. This chapter
highlights current system design decomposition processes, including decomposition
with the RFLP framework. A methodology for the decomposition process within the
RFLP framework is presented based on the research questions and hypotheses from
chapter 3. As a conclusion, the test case to validate the di erent experiments and

substantiate the overarching hypothesis is presented.

4.2 Current System Design and Architecture Development Processes

As previously mentioned in section 1.4.1, many systems engineering methodologies
have been developed over the years to aid in the development of a systems architec-
ture. The di erent methodologies are consistent with the systems engineering pro-
cess shown in Figure 1.7, but take vastly di erent approaches to system design. The
methodologies are often too high-level and do not provide su cient guidance on how
to translate stakeholder requirements into a system design. Most of these methodolo-
gies are centered around the product architecture, with the analysis processes often
done in isolation or in a sequential order after the development of the logical or phys-
ical architecture. The analysis processes or architectures are not usually traced back
to the product architecture, making it di cult to know during the decomposition
process if all stakeholder and system requirements have been accounted for during

the design process.
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As mentioned in chapter 1, the standard system design process today consists of
two primary structures: requirements and physical structures. Requirements are usu-
ally linked directly to the system and logical architectures. NASA [135] summarizes
these two structures as Requirements De nition Processes and Technical Solution
De nition Processes. The requirement de nition process consists of the stakeholder
expectation de nition and the technical requirement de nition, while the technical
solution de nition process consists of the logical decomposition and the design solu-
tion de nition. These four processes constitute the standard system design process as
shown in Figure 4.1. Each of these will be explained brie y in the following section.
Throughout the system structure, the system design process is applied at each layer

of the product architecture [135].

Figure 4.1. NASA System Design Process (Adapted from [135])

4.2.1 NASA SystemDesignProcess

This section zooms into each one of the four system design processes.

Stakeholder Expectation De nition

This is the rst step of the system design process where the di erent stakeholders are
identi ed and understand their intended use for the product [135]. From a behavioral
perspective, this is where the Concept of Operations (ConOps) and high-level use
cases for the product are de ned. In SysML, use case diagrams are used. The use
case diagrams are used to represent the behavioral model of a system at the highest

level of abstraction. User interactions and system functionality are captured in these
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diagrams to illustrate how the system will be used. The stakeholder de nition process

is shown in Figure 4.2.

Figure 4.2: NASA Stakeholder Expectation De nition Process (from [135])

The inputs to this process are customer needs, attributes, or requirements for the
product. In addition, requirements from key stakeholders are also solicited during
this process. Key stakeholders include anyone whose contribution is necessary for the
successful realization of the product; these include other engineering teams, suppliers,
operations, etc. The third input is requirements from the initial customer require-
ments that have been decomposed into clear and actionable requirements to ensure
customer expectations are met. Upon completion of the requirement elicitation, the
output of this e ort includes a set of validated stakeholder and customer require-

ments, development of a ConOps, identi cation of key support needs, and measure
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