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To my grandfather. . .

“Natural science has discovered chaos. Social sci-
ence has encountered complexity. But chaos and
complexity are not characteristics of our new re-
ality; they are features of our perceptions and un-
derstanding. We see the world as increasingly
more complex and chaotic because we use inad-
equate concepts to explain it.”

–J. Gharajedaghi
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Abstract

During the early stages of any system design, a thorough exploration of the de-
sign space can prove to be challenging and computationally expensive. The
challenges are further exacerbated when dealing with complex systems, such
as an aircraft, due to the high dimensionality of their design space. Arising
from the Toyota Product Development System, Set-Based Design allows parallel
evaluation of multiple alternative configurations in the early design stages. At
the same time, optimisation methods can be employed at later stages to fine-
tune the engineering characteristics of design, or architecture, variants. As part
of this project, the ADOPT framework has been developed that integrates the
aforementioned areas. This allows for a thorough exploration of the design
space while ensuring the optimality of the selected designs. Furthermore, as-
sessment methods are introduced to evaluate, not only the performance of each
architecture variant, but also its sensitivity to design changes and the costs as-
sociated with them. Different visualisation tools are employed, including ma-
trix methods and parallel coordinates, to act as design decision making mech-
anisms. Due to the wealth of information that such an approach generates,
traceability of each architecture variant is also taken into consideration, and
the knowledge acquired can be used for future design projects. The frame-
work has been developed using a process-independent and tool-agnostic ap-
proach so that it can be applied to the design process of varying kinds of sys-
tems. To demonstrate the implementation and potential benefits, the frame-
work has been applied to the design of a generic aircraft fuel system. The results
from the case study and the framework itself are discussed, with a number of ar-
eas for further development and future work being identified and presented.

Keywords

Set-Based Design; Optimisation; Systems Engineering; Engineering Design; Vi-
sualisation; Aircraft Fuel Systems;
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Chapter 1

Introduction

Moore’s Law states that the number of transistors within an integrated circuit

is doubling every two years [1]. This directly translates to more computational

power; power that can be used for computational simulations. During the past

few years, due to this increase in available computational power, aircraft de-

sign has been progressively relying on computational design and simulations

for providing data for design decision-making and design evolution.

From Computer-Aided Design (CAD), to Computer-Aided Engineering (CAE)

such as Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA),

computational methods and processes have allowed for a rapid progress in aerospace

design practices [2]. The ability to solve systems of Partial Differential Equations

(PDE) was the key enabler of this advancement; due to the ability to predict per-

formance before physical systems have to be built [3].

New regulations are constantly set by the appropriate governing bodies to

meet emission and noise reductions. This entails a continuous improvement of

the aircraft design in order to meet said regulations. In order to do so, improving

and enhancing computational methods and tools is vital, as the design process

3



4 CHAPTER 1. INTRODUCTION

relies more and more on computational design and simulations [4]. Not only

the tools, but the processes as well need to be constantly improved in terms of

speed, agility, reliability, and robustness, in order to provide the necessary data

for design decision-making, in a rapid and reliable way.

1.1 Problem Statement

The design of an aircraft involves a large number of different interacting sys-

tems, disciplines, and functions. The process of designing such a system com-

prises tightly coupled, loosely coupled and uncoupled sub-processes, making

the aircraft a very complex system with a high-dimensional design space.

At present, the challenge is that thorough design space exploration of such

systems, especially during the early, less-constrained, design stages, can be a

very complex and computationally expensive process [5, 6, 7]. The challenge is

further exacerbated due to the need to ensure the feasibility and desirability of

the selected design configurations. Furthermore, due to the uncertainty in the

early stages of design, the sensitivity to design changes needs to be assessed; as

any design changes during later stages of the development process tend to be

costly. These issues give rise to six Research Questions (RQ) that this work aims

to answer:

RQ1. How can a thorough and detailed exploration of the design space of a com-

plex system take place, in a fast and computationally efficient way?

RQ2. How are the designs that are selected, assured to be the optimum ones?

RQ3. How can the robustness and feasibility of the selected designs be ensured
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when requirements or design parameters change during the design pro-

cess?

RQ4. How can the sensitivity of the system to the propagation of design changes,

and the cost associated with it, be predicted and evaluated?

RQ5. How can the data required for design decision making be visualised in a

meaningful way?

RQ6. How can the knowledge acquired be utilised in future projects?

1.2 Aims & Objectives

This work investigates two major areas that can address the problem stated in

the previous section, and provide solutions to the research questions that have

arisen. The first, a Set-Based Design approach to identify and evaluate multi-

ple system configurations in parallel while discarding the infeasible, the non-

robust, and the undesirable ones. The second concerns Multidisciplinary De-

sign Optimisation (MDO) tools that can fine tune the engineering characteris-

tics of the system, to optimise the performance of it against pre-defined objec-

tives.

Integration of the above areas will provide the capability for a rapid and effi-

cient exploration of the design space while identifying the optimum configura-

tions. This will assist in speeding up the process to reach the trade studies stage

where the configurations can be further evaluated and assessed.

In order to achieve that, there is a need to bring the design and development

of domain-specific systems, from different levels of a system’s architecture, as

early in the design process as possible. This will facilitate the identification of
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multiple configurations in a less constrained design space where novel thinking

is promoted. The selected configurations may then be matured,optimised, and

made available for selection by the time the aircraft reaches a more detailed and

constrained design stage.

The configurations are constantly assessed and evaluated against a number

of value drivers and performance metrics. One of the most important ones is

the sensitivity to design changes. To address that, change prediction methods

are employed along with methods to predict the cost associated with the prop-

agation of the design changes. The Set-Based Design approach ensures that al-

ternative and backup configurations are always available, while MDO methods

can identify multiple non-dominated solutions for each configuration.

Other metrics, such as complexity penalties and fast numerical or analytical

simulations provide further information for the assessment of configurations.

As undesirable configurations are being progressively discarded, the computa-

tional power that was allocated to them can now be transferred to the remaining

active configurations for more detailed simulations.

Such an approach entails generation of huge amounts of data. It is essen-

tial that appropriate visualisation methods are employed in order to commu-

nicate the compelling information to the designer or engineer in a meaning-

ful way. Design structure matrices and critical path networks can be used for

modelling system architectures and design change propagations, while Parallel

Coordinates can be utilised for multidimensional data interrogation. All of the

above methods act as mechanisms for communicating design decision-making

information.

The proposed approach is expected to benefit the design process in both a

direct and an indirect way. The direct will be in the case when designing a new



1.2. AIMS & OBJECTIVES 7

product where, as mentioned before, it will make the decision making process

faster and more reliable. The indirect one, is due to the wealth of knowledge that

an approach like this will generate, which can then be used in future projects.

In other words, any data that have been generated during one programme, even

discarded options, can be reused in future projects. This can assist in further

minimising the time required to get to the trade studies stage, by avoiding ex-

ploration of previously visited areas. The time saved, can also be used to explore

new areas.

In order to demonstrate the benefits and process of the proposed approach,

and integration of methods, the Augmented set-based Design and OPTimisa-

tion (ADOPT) framework has been developed. Split into two stages, the frame-

work takes into consideration everything, from the generation of configurations

to their evaluation and assessment, using a Set-Based workflow with integrated

optimisation tools. The framework has been applied to the design of a generic

aircraft fuel system, taking into account the fuel system level as well as higher

level design parameters, such as the geometric characteristics of the wing. This

enables the demonstration of how domain-specific parameters and configura-

tions can be brought forward, in early, highly uncertain, stages of the aircraft

development process.

The architectural framework has been developed using a tool-agnostic and

process-independent approach. This ensures that ADOPT can be adapted and

applied to a range of different system design scenarios. The area of aircraft fuel

systems will be used as a case study, to demonstrate the process and potential

benefits of ADOPT.
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1.3 Thesis Outline

The thesis consists of four parts that address the following areas respectively:

Introduction, Theoretical Framework, Application, Summary. A more detailed

description of each part is given below.

Part I - Introduction and Literature Review

The first part of the thesis has already presented and introduced the topic of the

research project while outlining the problem and the research questions arising

from it. Following, is a literature review of the areas that this project is investi-

gating and identification of any gaps in literature.

The literature review covers the origins of Set-Based Design,what Engineer-

ing Design is and problems associated with it, the Toyota Product Development

System, and the Lean concept. An outline of matrix-based tools for engineering

design is also presented, with a more detailed look on Design Structure Ma-

trices. Predicting Engineering Change propagation using the aforementioned

tools is also an area explored in this project.

The second major area that the work, and consequently the literature re-

view, covers is optimisation methods. An overview of what optimisation is, the

process, and methods is presented with emphasis on multiobjective and multi-

disciplinary applications.

The two major areas of the project are then compared and contrasted, iden-

tifying previous research utilising both. The final chapter of this part deals with

visualisation methods in engineering design and optimisation.
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Part II - The ADOPT Framework

Based on the gaps in literature, the problem statement, and research questions

that were presented in the first part, the second part of the thesis presents the

theoretical framework that was developed to address the aforementioned is-

sues. It first gives an overview of the framework, named ADOPT, with its features

and potential benefits and drawbacks.

The rest of Part II examines in detail the two stages of the framework. Stage

1 deals with the identification of the design parameters in a system, the imposi-

tion of undesirability and infeasibility constraints, and finally, the generation of

design configurations. Stage 2 optimises the selected configurations and intro-

duces additional methods and metrics for assessment and evaluation, includ-

ing visualisation. A method that has been developed for predicting how cost

propagates due to engineering changes is also presented.

Part III - Case Study

In order to demonstrate the process of the developed framework, the design of a

generic aircraft fuel system is used as a case study, and is described in Part III. A

descriptive overview of an aircraft fuel system is presented, along with its major

subsystems and design drivers for each one.

The framework is then applied step by step on the design of a fuel system,

following the process outlined in Part II. Stage 1 identifies the design parame-

ters of the fuel system in consideration, imposes a set of infeasibility and unde-

sirability constraints, and generates the configurations that are passed on to the

second stage. The configurations with their description and results are traced

and documented, the process of which is also demonstrated. The second stage
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identifies the objectives for optimisation, selects the cases to be optimised, and

presents the additional methods that are used for evaluation and assessment of

the selected configurations. A separate chapter shows the computational im-

plementation of the framework, and how the workflow is managed using the

pSeven suite, a design space exploration software by DATADVANCE.

The final chapter of part III presents the results for both stages along with

further assessment and evaluation metrics. A discussion takes place for the re-

sults of each stage.

Part IV - Discussion, Future Work, and Conclusion

The fourth and final part of the thesis begins with a discussion on the previous

parts regarding the framework, the case study, and the results presented. The

aim of the discussion is to demonstrate how the framework and its application

have addressed the problem statement, and how the research questions have

been answered. The discussion also addresses the benefits and drawbacks of

the presented approach.

During this research, a number of areas for improvement have been iden-

tified and presented in a separate chapter for future work. The improvements

and proposals are split into two sections, one dealing with framework improve-

ments and the other one with the application area and case study.

Part IV, and consequently the thesis itself, concludes with an overview of the

project and what has been achieved.



Chapter 2

Background Research and Literature

Review

2.1 Systems Engineering

2.1.1 Introduction

The International Council on Systems Engineering (INCOSE) defines systems

engineering as “an interdisciplinary approach and means to enable the realiza-

tion of successful systems” [8]. A system is a collection of interacting elements

that when combined together produce a result that would not otherwise be ob-

tainable by the elements alone. Elements and parts can include, but not lim-

ited to, people, hardware, software or facilities that are required to achieve the

system-level objective(s) [9]. Even though a system itself does not have any lev-

els, they are usually imposed as levels of abstraction to separate the contents

[10]. Starting from top, a system of systems is usually present and each sys-

tem can contain a number of subsystems. Breaking it further down, subsystems

11
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consist of parts and/or components.

An aircraft is an example of a very complex system. It includes a vast number

of subsystems including avionics, hydraulics, fuel systems etc. and each of the

subsystems can contain thousands of parts and components. Designing and

implementing such a system is a long and complex process [11].

In the early 1900s Henry Ford changed the automotive industry by introduc-

ing the Model T. It was a revolution in mass production, which was introduced

by General Motors(GM), as it managed to integrate truly the entire manufactur-

ing process. By lining up the fabrication steps, it managed to reduce the pro-

duction time but it meant that this kind of manufacturing process could not

provide any variability [12].

This concept of “eliminating waste” is the main idea behind Lean manufac-

turing (Lean Production) that Toyota revolutionized 20 years later after what

Ford did with the Model T. Womack et al. [12] in The machine that changed the

world took a thorough look at how lean manufacturing compared with mass

production. It comes to show how much the concept and practices of Lean

manufacturing have helped Toyota, because at the time of publication of the

book (1990), Toyota was only half the size of GM and two thirds the size of Ford.

Seventeen years later, when the book had been republished, Toyota had already

passed Ford and it was well on track to overtake GM as well.

Since then, Lean manufacturing has evolved into Lean Thinking therefore it

is now applicable beyond production and manufacturing. A number of research

projects and case studies have been undertaken with regards to Lean applica-

tions; not just in the automotive industry but also in Clinical research [13], food

supply chains [14] and in governments [15]. It has also been shown that Lean

can help in complex product development [16].
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Lean is also present in the Aerospace industry. In 1993, Massachusetts In-

stitute of Technology set up the Lean Aerospace Initiative to investigate the ap-

plications of lean methodologies in the aerospace industry, which led to major

cost and schedule savings [17, 18]. A UK-based initiative, formed by four Uni-

versities and a consotrium of Industrial partners, has also undertaken similar

research [19].

Further, a large European project called LeanPPD (Lean Product and Pro-

cess Development) was set up to address the need of European manufacturing

companies for a new lean model beyond just manufacturing [20, 21].

While Ford and GM showed a glimpse of what Lean production was capable

of, Toyota applied the Lean thinking to the whole product development pro-

cess that came to be known as the Toyota Product Development System (TPDS)

[22]. The TPDS is a socio-technical framework that involves people, processes

and technology in order to eliminate anything that doesn’t add value to the fi-

nal product. Such waste can come from, for example, overproduction, waiting

times in materials and information, processing and corrections. Generally, any

activity that lengthens the lead time without adding value and adds extra cost is

considered waste.

In order to meet the defined value and produce the minimum viable prod-

uct, Toyota linked all disciplines and departments to work together; the de-

sign studio, engineering, product planning, finance and others. Front-loading,

which is the allocation of the majority of the resources at the beginning of a pro-

cess, is also required to ensure the availability of either people or materials, as

early as possible in the design process. Cross-functional participation is also

essential in order to maximize effectiveness in the development process. This

cross-functional simultaneous development became known as Set-Based Con-
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current Engineering (SBCE) and it is now a core element in the TPDS [23].

2.1.2 Engineering Design

Engineering design can be described as a process to devise a system in order to

satisfy a set of predefined requirements [24, 25]. The process varies considerably

from one approach to the other. Howard [26] compared more than twenty dif-

ferent engineering design processes and outlined how they differ in each step.

Choosing the appropriate process is a critical factor for a successful design as

Khandani states [27]. Regardless of the approach used, the process aims to pro-

vide a framework that makes the process efficient, clarifies the problem, drives

innovation, manages complexity, and promotes collaboration [28]. Engineering

design has been of research interest for decades with Pahl et al. stating that it

could even be dated back to Leonardo Da Vinci [29].

Engineering design faces a number of challenges which usually arise from

problems that are not well defined or structured. Requirements and objectives

tend to change multiple times in the design phase alone, especially in large

and complex projects such as an aircraft development where the design phase

lasts for years. With such design problems, not having just one correct solu-

tion makes a thorough and robust decision making process necessary in order

to find the best option [30].

Most literature that deals with engineering design uses a requirements-based,

or requirements-first, approach [8]. However, Ring [31] proposed that a value-

seeking approach could produce better results by first focusing on understand-

ing and describing the problem; rather than starting with setting requirements.

Furthermore, arising from the large European program CRESCENDO, Value-
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Driven Design(VDD) was introduced which focuses on understanding what drives

the generation of stakeholder value. VDD aims to “strengthen the value and re-

quirements maturation process” [32].

Regardless of the specific approach, the general process for engineering de-

sign usually involves the following steps:

1. Problem Definition: The first step is to identify and define what the prob-

lem is and why it needs to be solved

2. Background Research: After the problem has been identified, a background

research is necessary to review what has already been done or any alterna-

tive solutions to the problem. This step also assists in avoiding any previ-

ously made mistakes.

3. Requirements Specification: In order for the solution that will be proposed

to be able to solve the problem, a number of requirements must be met.

4. Identification of potential solutions: Having the requirements specified, a

process of generating potential solutions to meet those requirements be-

gins.

5. Development: After the desired solution or solutions have been selected,

the design maturity begins. This involves continuous evaluation, refine-

ment, and improvement of the design, usually in an iterative process.

6. Prototype: A prototype, whether physical or digital, is the first operating

version of the solution that will undergo further tests.

7. Test and refinement: The prototype undergoes a series of tests and is being

refined. This will give rise to any necessary changes that need to be made
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or any improvements identified.

8. Results: The completion of the design phase needs to produce the nec-

essary results that will be communicated to the appropriate shareholders.

The results contain information with regards to the reasoning behind the

selected design and performance metrics.

The process can be split into two main approaches. The first, the iterative

process, which is also known as point-based approach or point-based design. In

this case, only one initial design is selected from a pool of candidate solutions.

The design is then refined and reworked in an iterative process until the final

desirable version emerges. Variations of the point-based approach have been

proposed by French [33], Pahl [29], Pugh [34], and Ullman [35] amongst others.

In contrast to the iterative approach, the second one is the convergent ap-

proach. In this case, a number of potential solutions are selected, which are

then matured and evaluated in parallel. The convergent approach has an iter-

ative process embedded but in a different way. Whereas the iteration in point-

based approaches is for redesigning and refining the solution, the iterations in

a convergent approach primarily aim to discard undesirable, infeasible, or non-

robust solutions. The remaining desirable ones, will then undergo further de-

velopment. Convergent approaches include the Method of Controlled Conver-

gence(MCC) by Pugh [34], the Design-Build-Test (DBT) cycle by Wheelwright

and Clarke [36], and the Set-Based Design (SBD) [37].

Raudberget, in a comparison between Pugh’s MCC and the SBD, found the

MCC process and description “questionable and contradictive” and hard to im-

plement [38]. The same research also found that the firm in which the compar-

ison took place, had a preference to the results that have arisen from the SBD
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approach. Also, the SBD approach allows different disciplines to independently

analyse their respective areas, hence reducing and sometimes eliminating iter-

ative paths; this is a benefit that the other two approaches do not necessarily

provide [39, 40]. The SBD approach is described in more detail in the next sec-

tion.

2.1.3 Set-Based Design

Conventionally the design of a system follows an iterative or point-based ap-

proach. An initial design is selected and reworked over and over again until

a desirable outcome emerges. Arising from the TPDS, Set-Based Design (also

referred to as Set-Based Concurrent Engineering) allows parallel evaluation of

multiple alternative configurations in the early stages of design by using sets of

possible solutions [37, 40] .

The procedure, as described by Sobek [23], starts by mapping the design

space and defining the feasible regions while exploring the trade-offs by design-

ing different alternatives. A number of feasible concepts are developed based on

sets that are fully functional across all disciplines and looks for possible inter-

sections between those feasible sets. Finally, the sets are narrowed down and in-

crease the detail of the designs; given that the narrowing down is done consen-

sually amongst multidisciplinary teams, therefore creating commitment from

each of the disciplines.

When dealing with physical systems that have discrete design parameters

(i.e. subsystem options or components), generating the configurations is straight

forward. The first step is to identify the design parameters of the system and

tabulate their respective possible options. Different combinations of options
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generate a set of competing configurations. The configurations are then eval-

uated against predefined performance metrics, and the non-robust or undesir-

able ones are discarded; the rationale for discarding is recorded as information

for future use. The remaining configurations are then matured, and the evalu-

ation process is repeated until the desirable configurations emerge. Figure 2.1

shows the outline of the process.

The Set-Based Design approach offers a number of advantages over tradi-

tional development processes; it has been well documented with some authors

even claiming that the approach (and related Lean practices) can be up to four

times more productive [22, 41, 42]. Delaying critical design decisions, in order to

fully understand the customer specifications and requirements, can reduce the

possibility of design changes later on, which otherwise could have been costly

[43, 44].

The approach has also been shown to have positive effects on the resulting

product and the development process itself. Not only does it avoid costly re-

works, the risk of failure is also reduced (due to other feasible solutions being

available at all stages). It also promotes innovative thinking and creativity along

with organisational knowledge and learning [21, 45].

The topic of SBD is an active area of research and, though limited, industrial

applications of Set-Based Design have been documented [46]. Ward and Sobek

argued that SBD was a key to Toyota’s and TPDS success [23, 43]. Raudberget

et al. [47, 48] investigated how Set-Based Design can be implemented in ex-

isting product development companies through industrial case studies, while

Mebane et al. [49] applied the SBD approach to the design of a Ship to Shore

Connector. Set-based concurrent engineering has also been the main enabler

of the large European project, LeanPPD, which aimed to address the need of Eu-
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ropean manufacturing companies for a new lean model beyond just manufac-

turing [20, 21, 50, 51]. Furthermore, Guenov et al. [52] developed an interactive

computational tool that facilitates a set-based design workflow and applied it to

the design of a conceptual aircraft .

2.1.4 Comparison to Iterative approaches

Where the set-based approach considers a lot of design options both at system

level and subsystem level, and eventually narrows down to one, point based

deals with just one design configuration from the beginning. This main dif-

ference means that both approaches have their benefits and drawbacks when

compared against each other [20].

With the ability to consider many alternative options simultaneously, the

Set-Based approach offers a lot more flexibility. This is particularly true in mul-

tidisciplinary cases where, due to the modularity of the approach, it offers a

significant advantage over the point-based approach. However, the flexibility

of having competing configurations, synthesised by different options for each

design parameter, brings a potential drawback in the process. If the type and

range of uncertainties varies between those different options, it can complicate

the uncertainty management process; compared to an iterative approach where

only one option is considered.

Furthermore, the flexibility and consideration of multiple options means

that there is a delay in the decision making process in order to converge to the

final chosen design configuration; unless the narrowing is done aggressively. As

a result, it can make it a more resource demanding process, especially in early

stages due to front-loading.
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Even though the initial costs might be higher for SBD, the availability of al-

ternative solutions at any point in the design process, reduces the impact of a

possible design change. Such a feature is not provided by a point based ap-

proach, increasing the cost of a potential design change or design failure. It is

down to the management to decide whether or not the extra upfront costs and

investment is valued over the flexibility and modularity that is provided by the

Set-Based approach.

Due to the knowledge generation that SBD provides, future implementations

of it in similar projects can reduce the development time because the informa-

tion is readily available. In an iterative process, the knowledge generated is very

limited because of the confined and constrained design space such an approach

takes place in.

It is the author’s opinion, that in the case of complex systems such as an

aircraft, SBD is the better suited option. This is due to the fact that an air-

craft design is a long, costly, and complex process that involves many disci-

plines. This creates a multidimensional design space that a point-based ap-

proach would struggle to explore thoroughly. Furthermore, due to the high

possibility of changes in initial design and requirements, flexibility in the ini-

tial stages is essential, as design changes occurring in later stages using a point

based approach could yield prohibitively high costs. Adding to that, aircraft

manufacturers tend to provide different configurations for each aircraft (air-

craft families), something that SBD and platform-based design can accomplish

[53, 54, 55, 56].
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2.2 Matrix Methods in Engineering Design

2.2.1 Design Structure Matrices

Design Structure Matrices(DSM) are square(NxN) matrices that are widely used

as compact network modelling tools in engineering design for visualising and

decomposing system architectures [57, 58, 59]. When designing any complex

multidisciplinary system, it is not only helpful but also vital to be able to visu-

alise the dependencies between the elements of the system [10]. A DSM does

exactly that, by showing the couplings/interactions between activities, people,

components or parameters of a system, depending on the type of DSM (Organ-

isation, Process or Product). A simple example of a DSM is shown in Figure 2.2.

Figure 2.2: Example of a Design Structure Matrix (DSM)

The elements of the system are represented in each row and column. A mark

in the upper right or lower left part of the DSM indicates a connection or cou-

pling between two elements. The elements in a DSM can be clustered together
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depending on their coupling or rearranged for sequencing, depending on the

DSM that is being considered. A number of algorithms for automatic clustering

and sequencing have been developed [60, 61].

There are three possible dependencies between two tasks: Independent (par-

allel), Dependent (sequential), and interdependent (coupled). Figure 2.3 shows

a visual representation of the three states along with their respective represen-

tation in a DSM. In the case where an element is dependent on another (se-

quential), the column element is considered the initiator, and the row element

is considered the receiver. In the example given in Figure 2.3, B is dependent on

A. This relational notation is not standardised as it varies from author to author;

this notation is the one this project is using.

Figure 2.3: Design Structure Matrix representation of the three dependency
types
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DSMs have been widely used as an effective tool in systems design and project

management whether the system is a product, process, or even an organiza-

tion and in a wide range of industries. An extensive and detailed study in the

use of DSMs, their applications and extensions was undertaken in a survey by

Browning [62]. One of the useful extensions of DSM are the MultiDomain Matri-

ces (MDM) or Domain Mapping Matrices (DMM) that map elements from one

DSM to another [63]. This is particularly useful in mapping different DSMs, for

example people to processes and processes to components [57]. An eXtended

DSM (xDSM) was developed by Lambe and Martins [64] that captures not only

dependencies, but also data flows, and it has been primarily used in Multidisci-

plinary Design Optimisation.

2.2.2 Other Methods

Besides DSMs, a plethora of tools have been developed to assist the engineering

design process, varying from computational to paper based methods. Depend-

ing on the design stage, system in consideration, resources and other factors,

different tools are applicable in each scenario. A large number of those tools

were implemented using matrices, which have come to be known as matrix

methods, or, matrix-based tools. A brief overview of the most common ones

are presented in Table 2.1.

House of Quality, one of the tools in Quality Function Deployment (QFD),

was originally developed to map customer requirements, and expectations, to

the system’s characteristics and properties [65]. The HoQ is made up of two

parts: The HoQ roof and a relationship matrix. Anderson [66] also demon-

strated how the HoQ can be used to demonstrate the dependencies between
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Matrix Method Use

Quality Function Deployment(QFD)
and House of Quality(HoQ)

Mapping customer requirements to
engineering characteristics

Design Structure Matrices (DSM) Network Modelling, System Archi-
tecture decomposition

Morphological Matrices Synthesize Configurations / System
architectures

Axiomatic Design Mapping functional requirements to
design parameters

Analytic Hierarchy Process(AHP) Decision making support for Trade
Studies

Table 2.1: Overview of common matrix methods in engineering design

subsystem and top level requirements. Gavel [67] showed an example of a HoQ

for a simplified aircraft fuel system as shown in Figure 2.4. In the example, the

roof of the HoQ shows the dependencies between top level requirements; for ex-

ample, the altitude affects the engine consumption and the turn. Furthermore,

the relationship matrix shows the connections between the subsystems and the

top-level requirements; the engine feed subsystem for example is impacted by

the engine consumption and altitude requirements.

Whilst the HoQ is useful for mapping requirements to characteristics and

properties, for the design stage and for system decomposition there are bet-

ter suited tools, such as the Design Structure Matrix which was previously pre-

sented.

Morphological matrices are very useful tools for decomposing systems and

synthesising configurations, hence its applicability in SBD. Each row in the ma-

trix represents the subsystems or elements of the system being design, while the
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Figure 2.4: Example of a House of Quality for a simplified aircraft fuel system
[67]

columns represent the design options for each one. Figure 2.5 shows a simple

example of a morphological matrix. By taking one of three options for each of

the four subsystems, a configuration (A) is generated. Different combinations

of different options will generate competing configurations.

Different algorithms have been developed for quantifying morphological ma-

trices and forming optimisation problems [68, 69]. Morphological matrices can

be useful for generating concepts for simple systems; however, they can be-

come very complicated and a time consuming process for large, complex sys-

tems with multiple elements and options. Furthermore, as Frank et al. [70] have

mentioned, even though morphological matrices do offer a good first approach

to generating configurations, they can’t ensure their feasibility.
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Figure 2.5: Example of a morphological matrix

Axiomatic Design was developed by Suh in 1990 [71] to map functional re-

quirements to design parameters. It has since then evolved considerably, show-

ing how a systematic approach to design can improve efficiency and produc-

tivity [71, 72]. Axiomatic design matrices consist of a Functional Requirements

(FR) array, a Design Parameters(DP) array and a relationship/mapping matrix

(A) as shown below: FR1

FR2

=

A11 A12

A21 A22


DP1

DP2


The method is based on two fundamentals called axioms (hence the name):

• Independence Axiom: FR and DP, where possible, should remain com-

pletely independent. To achieve that, the relationship matrix (A) must be

a diagonal matrix.

• Information Axiom: Information and hence complexity should be kept to

a minimum.

Finally the Analytic Hierarchy Process (AHP) is one of the most widely used

tools for assisting the decision-making process in engineering design [73]. AHP

is part of a number of methods called MultiCriteria Decision Making (MCDM).
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It aims to rank different solutions against performance criteria, with each cri-

terion having an importance or preference weight. As with many other MCDM

methods, such as the Choosing By Advantages (CBA), AHP has its benefits and

drawbacks [74].

Even though not a matrix-based method, a decision tree is another well used

decision support tool. However they are not considered for this work due to

their limitations and impracticalities when dealing with larger systems [75].

2.3 Engineering Change Propagation

2.3.1 Introduction

In the current age, where product development is driven by rapidly changing

market requirements, design changes can occur at any point during the devel-

opment of any system or product. As the development process progresses, the

cost associated with any design change increases, sometimes by a factor of 10

[76, 77]. This calls for an effective engineering design change management; this

is defined as the process where design changes are assessed, evaluated, imple-

mented, and controlled [78].

Such design changes do not only affect the element of the system that needs

to be redesigned but might also lead to changes to the whole system. This phe-

nomenon is known as change propagation and has been a topic of interest, es-

pecially in engineering design. Substantial research has been undertaken to de-

velop methods that can predict and manage change propagations. Clarkson

and Eckert presented an overview of the methods [79]. Further, Keller, Hamraz,

Caldwell and Clarkson compare and contrast many of these methods [80, 81].
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Change propagation becomes even more important when dealing with more

complex systems especially in cases where elements, subsystems or compo-

nents, are heterogeneously (tightly and/or loosely) coupled. The ability to pre-

dict the propagation of design changes, and quantify their impacts, can assist in

a better evaluation and analysis of the system’s sensitivity to design changes.

A number of different approaches have been developed in order to model

change propagation, such as the Change FAvorable Representation (C-FAR) [82].

C-FAR uses vectors to define the components and their attributes, with their

characteristics as the vector elements, and then uses a matrix to capture de-

pendencies amongst these characteristics. It starts by defining the propagation

paths, then multiplies the change vector with the respective dependency ma-

trix, and then aggregates all possible paths. This method can be slow and com-

putationally expensive for large, complex systems because it is based on a large

number of matrix and vector multiplications to calculate all possible propaga-

tion paths.

2.3.2 Change Propagation Method

The other major approach for predicting design changes, is CPM (Change Prop-

agation Method); a method that makes use of Design Structure Matrices [83]. A

DSM succinctly represents the dependencies amongst the components of a sys-

tem, which is why it makes it such a powerful tool for predicting change propa-

gation.

In the case of CPM, a way to interpret the DSM is that for any connection

in the matrix, the corresponding column is the component that triggers the

change (transmitter), and the corresponding row is the component that receives



30 CHAPTER 2. BACKGROUND RESEARCH AND LITERATURE REVIEW

the change (receiver).

CPM makes use of 3 main values: Likelihood, Impact and Risk. Likelihood

measures the probability of one element having an effect on another element

(ie, how likely it is that the change will propagate), while impact measures the

magnitude of the effect from the initiating element to the receiving one. Risk is

the product of likelihood and impact.

In order to calculate the change propagation, initially two quantified instances

of the DSM are generated as shown in Figure 2.6. One includes the value of how

likely the change will propagate directly from one component to the other; the

other DSM measures the impact of that design change on the receiving com-

ponent. All values of Likelihood, Impact and Risk are measured between 0 and

1 (sometimes expressed as a percentage). The values of direct Likelihood and

Impact are obtained through experts’ opinions and the risk is the product of the

two values.

The first two quantified DSMs indicate direct Likelihoods and direct Im-

pacts, and consequently the product is the direct Risks. Direct (or 1st order)

indicates that there are no intermediate components and one component di-

rectly connects to the other. A 2nd (and higher) order of change propagation

takes into consideration indirect connections as well, due to change propagat-

ing through intermediate components, therefore adding other paths of propa-

gation.

To illustrate this using critical path networks, Figure 2.7 demonstrates the

direct, 2nd order and 3rd order propagation of a change between components

A and C; as defined in the DSM presented in Figure 2.6. It is important to no-

tice however that the algorithm avoids cyclic routes, meaning that a component

cannot be affected twice in the same path.
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Figure 2.6: Quantifying the initial Design Structure Matrix with direct Likeli-
hoods and direct Impacts, and calculating direct Risks

A C

E
F

A C

E

A C

Figure 2.7: Different paths of change propagating from A to C, depending on
order of propagation (1st, 2nd and 3rd)

A number of algorithms have been developed to calculate the combined

Likelihoods, Impacts and Risks, depending on the order of propagation that
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is of interest. The most prominent one is the forward-CPM algorithm [83]. It

uses a brute-force search method and it analyses all possible paths one by one.

Other algorithms for calculating the combined values have been developed and

compared, for example, the trail counting algorithm, and matrix multiplication-

based [80, 81].

Suh, Weck, and Chang [84] also introduced a Change Propagation Index (CPI),

that identifies whether a component is a multiplier, carrier, absorber, or con-

stant; these terms were introduced by Keller [80].

The limitation with the methods developed so far is that none of them con-

siders the cost that is associated with change propagation. In their paper, Koh,

Caldwell, and Clarkson, do include cost in their methodology, but they only con-

sider the cost of the final affected component [85]. It does not consider how the

cost is accumulated by the intermediate changes between the initiating and re-

ceiving components.

2.4 Optimisation

2.4.1 Introduction

Optimisation methods aim to reach an optimum or a non-dominated solution

by minimising or maximising an objective function f (x); the generic process is

shown in Figure 2.8. The function is dependent on a number of design variables

that form the design vector [x], which can be bound by constraints [86].

min f (x) (2.1)
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subject to:

xiL < xi < xiU xi = 1,2,3...n

where xiL and xiU are the Lower and Upper bounds of each design variable

respectively.

START

DEFINE OBJECTIVES, DESIGN VARIABLES

AND CONSTRAINTS

CHOOSE INITIAL POINT

IN DESIGN SPACE

PERFORM ANALYSIS

RUN SIMULATIONS

CHECK CONSTRAINTS

ARE CONVERGENCE

CRITERIA SATISFIED?

CHOOSE NEW LOCATION

IN DESIGN SPACE

STOP

NO

YES

Figure 2.8: Generic optimisation process

Optimisation has been an active field of research in the aerospace industry

for many years with applications ranging from aerodynamic and aeroelasticity
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optimisation [87, 88], to structures [89], weight and manufacturability [90].

Most real-world problems, especially in multidisciplinary design optimiza-

tion (MDO), involve more than just one objective. Multiobejctive optimisation

(sometimes referred to as multicriterion) deals with two or more objective func-

tions:

min[ f1(x), f2(x)... fn(x)] (2.2)

In such cases, there is usually a trade-off between objectives therefore there

is no unique optimum solution but a range of non-dominated solutions.That is,

solutions that perform better at one objective but worse towards others.

When dealing with biobjective optimisation (two objective functions), a com-

mon method to visualise the non-dominated solutions is the pareto front shown

in Figure 2.9.

+

+

++

++

+

+

+
+

+
Pareto Frontier

Dominated Solutions

Non-Dominated (optimum)
Solutions

f1

f2

Figure 2.9: Pareto graph for a 2-objective optimisation (minimisation) problem
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The pareto front method is useful for visualising the trade-offs between two

objectives. From there on however it is limited in the sense that the respective

variables for each solution are not visualised and the graph cannot be applied

in optimisation problems with more than two objectives.

2.4.2 Multidisciplinary Design Optimisation

When designing complex systems such as an aircraft, the optimisation pro-

cess needs to take into consideration the different disciplines involved, such as

structures, aerodynamics, aeroelasticity and costs. Optimisation methods that

aim to address and take into consideration more than one discipline are known

as Multidisciplinary Design Optimisation(MDO) methods. Sobiesky and Haftka

[91] defined MDO as “a methodology for the design of systems in which strong

interaction between disciplines motivates designers to simultaneously manip-

ulate variables in several disciplines”. However, the term has evolved to encom-

pass any kind of optimisation process that involves more than one discipline

[91] or strongly coupled elements [92].

A large number of optimisation algorithms (optimisers) that search for solu-

tions have been developed. The selection of the right algorithm is very impor-

tant depending on the type of problem that is considered, as the process usu-

ally requires many iterations until it converges to a solution. Algorithms can be

categorised in a lot of different ways such as stochastic, deterministic, heuris-

tic, gradient and gradient free. Different algorithms perform better depending

on number of objectives, number of design variables, and whether the design

space is discrete or continuous.

One of the issues that can arise from MDO problems, is a design space with
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multiple local minima or maxima where optimisers can get trapped in; in such

cases, finding the global optimum solution becomes even more complicated

and hard. A number of surveys and benchmarks throughout the years have fo-

cused specifically on comparing and evaluating optimisers [93, 94, 95, 96, 97,

98].

Another important factor that needs to be taken into consideration when

implementing MDO methods, is the architecture that will be used; that is,the

process that will be followed for the optimisation problem to be solved. MDO

architectures can be split into two categories: Monolithic and Distributed. There

has been considerable interest in comparing and benchmarking MDO architec-

tures [99, 100, 101].

Monolithic architectures form one objective function which then try to solve.

Starting from the All-At-Once architecture where all variables and constraints

are considered and controlled by the optimizer, the three other major mono-

lithic architectures can be derived [102]. The Simultaneous Analysis and De-

sign (SAND) and Individual Discipline Feasible (IDF) architectures can be de-

rived by removing the consistency and discipline analysis constraints respec-

tively [103]. Removing both types of constraints results in the Multidisciplinary

Feasible(MDF) architecture [102].

On the other hand, distributed architectures decompose the single function

into smaller problems and then solve them. This allows for individual groups

or disciplines to run independently while communicating between them. This

is particularly important in multi-fidelity optimization where one discipline re-

quires more computational power than others. This is not possible in mono-

lithic architectures where all discipline-analysis are run the same number of

times. All Distributed architectures are derived from the monolithic IDF and
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MDF architectures. They usually consist of system level and discipline level op-

timisers. There are a lot of different distributed architectures. Starting from the

Concurrent Subspace Optimisation (CSSO) which is one of the oldest, to the

newly developed Asymmetric Subspace Optimisation (ASO) which focuses on

multi-fidelity optimisation [104, 105].

2.5 Comparison between Set-Based Design and Mul-

tidisciplinary Design Optimisation

The two main areas that have been presented, SBD and MDO, are evidently very

useful for different applications and at different stages of design. Table 2.2 out-

lines the main differences between the two.

Set-Based Design Multidisciplinary Design Optimi-
sation

Multiple Initial Designs One Initial (Reference) Design

Aim to identify infeasible and un-
desirable solutions and reduce de-
sign space

Aim to identify optimum and non-
dominated solutions

Usually used in early stages for
concept selection and physical
configurations

Used in later stages for fine-tuning
of engineering characteristics

Engineering Design approach Methodology for fine-tuning engi-
neering characteristics

Table 2.2: Differences between Set-Based Design and MDO
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As it is evident from Table 2.2, there are a number of important differences,

the most important one being that SBD is an approach to designing systems,

whereas MDO is used as methodology to fine-tune the engineering character-

istics of a system. Set-Based Design is primarily used in early stages of design

where the design space is large and not as constrained as it will be at later stages.

A number of different options are available for a each domain and subsystems,

and a combination of those forms a number of configurations that are used

as initial designs. Those designs will then be assessed and evaluated in order

to remove the infeasible, non-robust, or less desirable ones. The assessment,

evaluation, and discardment process is repeated until a final desirable design

emerges. At each iteration, the configurations that haven’t been discarded are

matured and assessed against new performance metrics and criteria.

On the other hand, MDO tools are employed at a different stage of the design

process and for different reasons. It is primarily used to fine-tune engineering

characteristics in order to achieve pre-defined performance objectives while

meeting the required constraints and parameters. As a result, a tool like this

is used at later stages of the design process where an overall configuration has

been selected. The aim in this case is to find the optimum and non-dominated

variations of that design as opposed to the set-based approach where the aim is

to eliminate infeasible and undesirable ones.

There are a number of previous research publications that attempted to bring

together the two areas of Set-based design and optimisation. Hannapel and Vla-

hopoulos, introduced principles of Set-Based Design in MDO where a new al-

gorithm was developed that studies the design variables in terms of sets [106].

Veenhuis modified the Particle Swarm Optimisation (PSO) algorithm by replac-

ing the position and velocity vectors of the particles with sets [107].
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However the aforementioned researches only use principles of Set-Based

Design for developing novel optimisation methods and algorithms. In other

words, they integrated a Set-Based approach in an MDO algorithm. The frame-

work developed as part of this project aims to address what no previous research

attempted to do; to integrate MDO tools in a Set-Based Design approach. This

will bring the two areas together in a unified framework that exploits the bene-

fits of both.

2.6 Visualisation

Throughout this literature review a number of visualisation methods have been

presented, signifying the importance of appropriate visual representation de-

pending on the kind of information provided. Starting with DSMs that can be

used not only as network modelling and system decomposition, they also assist

in visualising connections between system elements and dependencies. DSMs

are also important in change propagation methods to show design dependen-

cies and quantify the probability and impact of those dependencies. Change

propagation methods also make use of critical path networks to demonstrate

how a design change in one element can reach another one with all the possible

paths in between them.

When it comes to optimisation, the pareto front in a scatter plot is useful

for visualising the trade-offs between two objectives. From there on however

it is limited in the sense that the respective variables for each solution are not

visualised and the graph cannot be applied in optimisation problems with more

than two objectives.

For this reason, parallel coordinates are employed to help visualise the dif-
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ferent solutions for more than three objectives along with their respective vari-

ables. This not only allows for multidimensional data visualisation, but it also

assists in identifying positive and negative relationships between objectives and

variables [108]. This makes parallel coordinates a very powerful tool in visual-

ising multidimensional data especially in engineering design, but also driving

optimisation processes [109, 110].

Parallel coordinates consist of parallel axes that each represent the objectives

functions and any other parameters that are of interest. Polylines are then being

used, passing through all of the axes, with each line representing a solution. Fig-

ure 2.10 illustrates a simple example of how three random 3-Dimensional points

in a scatter (stem) plot can be converted to parallel coordinates. Each point has

3 values, one for each dimension, and those values are connected with a poly-

line between the axes. There are only 3 axes since there are 3 dimensions. Each

polyline represents one point in a multidimensional space. Each additional di-

mension requires an additional parallel coordinate axis to be introduced.
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(a) 3D Stem plot (b) Parallel Coordinates

Figure 2.10: Stem Plot for three points and the respective parallel coordinates
visualisation
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Chapter 3

Introduction

3.1 Overview

As mentioned in the previous Chapter, integration of optimisation tools within

a Set-Based Design approach, has never been attempted before. A number of

other tools were also identified that can assist in the proposed approach, such

as DSMs and change propagation methods; along with visualisation tools to

communicate the generated data. However, since current change propagation

approaches do not consider the associated costs, a new method had to be de-

veloped to address that gap.

A novel framework has been developed to address the problem and research

questions stated in the Introduction. The Augmented set-based Design and OP-

Timisation (ADOPT) architectural framework, integrates features from all the

areas covered in the literature review, and addresses the gaps previously stated.

ADOPT is built on the theory of Set-Based Design, integrating optimisation

tools, and has been developed in order to improve the converging process in

numerous ways. The framework is split in two main stages. The first stage
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deals with generating the configurations and checking for initial feasibility con-

straints and desirability. The second stage deals with the optimisation of each

configuration and generation of alternative designs in the case of Multiobjec-

tive optimisation. The second stage is iterative where at each iteration, config-

urations are eliminated, reducing the design space and allowing the remaining

configurations to be evaluated in more detail. Overall, the framework aims to

provide a process and methods for a more thorough design space exploration

in an efficient and robust approach.

The framework also includes methods for assessing the sensitivity to design

changes of the different configurations. Furthermore, CP2[111] was developed

as a method for predicting the cost associated with the propagation of design

changes. This acts as an additional metric for evaluating and assessing a con-

figuration beyond the conventional performance ones.

In order to communicate the results and manage the information generated,

a number of tools and methods for traceability and visualisation are used.

This chapter introduces ADOPT and outlines the main features of it along

with their potential benefits. The second chapter of this Part examines the two

stages in detail with their respective steps and processes.

3.2 Framework Features

Exploring a large and complex design space, seeking non-dominated and ro-

bust solutions, can be a challenging and computationally expensive process as

previously mentioned. In a continuous space, there are infinite number of so-

lutions, in the same way that there are infinite numbers between any two real

numbers. By segregating that continuous space in ranges, a finite number of ar-



3.2. FRAMEWORK FEATURES 45

eas are created, that can be explored independently. This ”discretisation” of the

design space allows optimisers to search for solutions in more confined spaces

making the process faster, while ensuring that only the areas that are of interest

are explored.

Furthermore, the framework aims to improve the conventional Set-Based

approach in a number of ways:

1. Taking into consideration the different levels of a system, from high level

geometry to low level components. This will allow for early identification

and elimination of incompatible, infeasible, or undesirable combinations

and configurations. It also brings forward the development of domain-

specific systems, earlier in the design process.

2. It can handle any kind of design parameter whether a continuous or dis-

crete one. Continuous parameters are discretised into ranges, which are

then combined with the remaining discrete ones to form architectures /

configurations. In these cases they will then be reverted back to continu-

ous ranges, the bounds of which will act as optimisation constraints.

3. By integrating optimisation tools, each architecture can be fine-tuned with

regards to its engineering characteristics. This will lead to generation of

different non-dominated and robust design alternatives for each architec-

ture, while respecting the constrains of each search area.

4. Optimising each area in the discretised design space assists in a more thor-

ough exploration; as opposed to having an optimiser for the entire contin-

uous design space.

5. By introducing infeasibility and undesirability constraints allows areas in
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the design space to be discarded. This ensures that the areas in the design

space that are being explored are the desirable ones at each stage.

6. Not all design parameters will directly affect the optimisation objective.

Therefore, the configurations that only differ in dormant parameters, that

is, parameters that do not have an effect on the objective, will yield the

same results. Identifying those configurations with shared active param-

eters will lead to a substantial reduction in the number of configurations

that need to be optimised and avoid duplicate results.

7. With each configuration being able to be optimised independently allows

for a concurrent (parallel) search for non dominated solutions in each area

of the design space.

8. Employing a range of visualisation tools to offer appropriate methods for

data interrogation, depending on the information required. Such tools act

as mechanisms for design decision making; something that can be partic-

ularly useful when performing trade studies and assessing configurations.

9. The configurations that make it to the trade studies stage are ensured to

fulfil certain predefined requirements, whether in terms of performance,

robustness, or sensitivity to design changes and the costs associated with

such changes.

From the aforementioned features, it becomes apparent that ADOPT en-

ables the facilitation of optimisers in a fragmented design space. Only the desir-

able fragments will be explored in order to generate non-dominated configura-

tions and only the areas that will yield unique solutions. In a conventional opti-

misation process the function needs to be evaluated first before being checked
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if it violates any constraints; If it does, this costs time and computational power

unnecessarily. By completely discarding areas of the design space allows omit-

ting undesirable areas entirely without first having to evaluate them. A visual

representation of the transformed design space is presented in Figure 3.1 where

X marks areas that are either undesirable or infeasible.

Figure 3.1: Design space transformation with ADOPT
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Chapter 4

The Framework

4.1 Stage 1

Stage 1 deals with the decomposition of the system and the generation of con-

figurations. It is assumed that the requirements have already been defined at a

previous stage. The first stage is also concerned with converting the continuous

parameters to discrete and handling the initial infeasibility and undesirability

constraints, which leads to the transformation of the design space as previously

described. Figure 4.1 shows the flow diagram of the first stage.

4.1.1 Stage 1 Overview

Since ADOPT deals with the abstraction of multiple system levels, the first step

is to identify the levels, the disciplines or the areas that form the system. In this

case the system is partitioned into two levels: the high level, which considers

external parameters that affect the system but are not within the system itself,

and the low level which includes the subsystems and components of the sys-
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tem being designed. Additional intermediate levels of the system can be added

where appropriate.

Following the process of the Set-Based Design, as presented in Figure 2.1,

each level is further elaborated into its design parameters. Each design param-

eter has a number of possible options, be it discrete ones in the case of the low

level subsystems and components, or continuous ones in the form of ranges in

the case of high level dimensions. Before proceeding to generate the configura-

tions, the continuous parameters need to be converted to discrete. This is done

in order to generate a finite number of possible combinations amongst all op-

tions of each design parameter. Continuous parameters would not allow such

combinations because an infinite number of values exists between any range of

continuous values.

Completing the identification of the levels and their respective design pa-

rameters, and after the continuous parameters have been discretised, the pro-

cess of generating the configurations begins. By taking one option for each de-

sign parameter the configurations are formed. Initially, the combination of op-

tions happens at each level independently; meaning that the combinations of

high level parameters are independent from the low level ones. This is to allow

better handling of the configurations and for performing infeasibility checks.

After the infeasibility checks take place at each level and the infeasible config-

urations are discarded, the high level combinations are combined with the low

level ones to form the full design configurations.

The combined configurations are then filtered through new infeasibility con-

straints before assessing them against undesirability constraints. The difference

between the two is that the undesirable case studies are the ones that are cur-

rently not of interest, not feasible or not desirable due to limitations in technol-
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ogy or otherwise, but could become feasible in the future. For this reason the

undesirable configurations are stored in a separate database to be re-evaluated

at a future stage. The infeasible ones are the ones that are practically or other-

wise impossible to implement and are discarded completely.

All the configurations that have passed the infeasibility and undesirability

constraints are stored and proceed to Stage 2 of the framework for further eval-

uation. It is vital to be able to trace the characteristics and properties of each

configuration, therefore a documentation system for record keeping of deci-

sions and their rationale is mandatory. Such a tracing mechanism will not only

allow to keep records of active configurations that are being considered, but

also retain details with regards to undesirable, discarded ones that can be use-

ful knowledge for future projects.

4.1.2 Discretisation of Continuous Parameters

In order to form a fragmented design space as described in the previous chapter,

and shown diagrammatically in Figure 3.1, the continuous parameters of the

system need to be discretised. This allows the formation of a finite number of

regions in the design space; each of which refers to a different architecture /

configuration.

The formation of smaller areas ensures that the optimisers can perform a

more thorough exploration of each area. Whereas in a conventional optimisa-

tion in the continuous space, the risk of the optimiser being trapped in a local

minimum would be high, that risk is substantially reduced due to the optimisers

being forced to search all of the fragmented areas.

The most straightforward approach to discretising a continuous range is to
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split the range into smaller ranges and assign a linguistic term to each one such

as “High”,“Medium”, or “Low”. Combining options afterwards becomes easier

and straightforward; for example a “High” option for one design parameter with

a “Medium” option for another design parameter. The linguistic term used for

the variables, depends on the type of design parameter being described. A sim-

ple example of a range being discretised is shown in Figure 4.2.

Continuous Range
0-30

0-10

10-20

20-30

Low

Medium

High

Figure 4.2: Example of discretising a continuous range

The discrete values will be converted back to their respective ranges in the

second stage of the framework for optimisation purposes.

4.1.3 Infeasibility and Undesirability Constraints

Introducing infeasibility and undesirability constraints, allows the elimination

and discardment of configurations before moving to the second stage. Discard-

ing configurations, directly translates to rejecting areas in the fragmented de-

sign space. Allowing the optimisers in the second stage to skip areas in the de-

sign space, eliminates the unnecessary use of computational power and time

that would have been used to evaluate configurations that violate constraints.

The first sets of constraints are applied at each level independently. This al-
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lows the domain or discipline-specific teams to remove any configurations that

cannot be designed or produced. This could be due to for example, physical

restrictions, manufacturing limitations, performance requirements, or techno-

logical readiness. At this stage only infeasible constraints are considered, since

any undesirable configurations (at the domain/discipline level) may still be the

best option overall for the whole system.

After the initial configurations at each level have been discarded, the full sys-

tem architecture combinations take place by following the process described

previously. At this stage, a new set of infeasibility constraints are introduced that

deal with the architecture as a whole. The reasons for discarding configurations

at this stage would typically be due to incompatibility amongst configurations

from each level, domain, discipline, or subsystem.

Having discarded the infeasible configurations, a new set of constraints is

introduced; the undesirability constraints. Undesirability constraints aim to

eliminate those configurations that provide no value in studying them further,

either due to technological limitations, previously evaluated configurations, or

any other reason that deems them as not worthy of further assessment. How-

ever, configurations that have been eliminated due to undesirability are not en-

tirely discarded. Instead, they are made “inactive”, which means they do not get

passed on to the second stage of the framework, and get stored on a separate

database along with the reasoning behind their discardment. This is useful for

future projects either to avoid already visited configurations, or to re-evaluate

them when sufficient technological advancement has been achieved.

The inclusion of constraints this early is very important, due to the large

number of configurations the first stage of the framework can generate. The

number of possible configurations can be in the thousands even for simple sys-
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tems. Discarding a portion of those configurations can make the second stage

of the framework faster, and enable the allocation of people and resources to

feasible and desirable configurations.

4.2 Stage 2

Stage 2 deals with the evaluation and assessment of the configurations that

have been generated in Stage 1 and have passed the initial infeasibility and un-

desirability constraints. The second stage follows an iterative and converging

process, where at each iteration the undesirable configurations are eliminated,

hence progressively narrowing the design space. The process of the second

stage of ADOPT is presented in Figure 4.3.

4.2.1 Stage 2 Overview

The first step of the second stage is to transform the discretised parameters of

each configuration, back to their respective continuous ranges. The configura-

tions are then passed through to the iterative stage of the framework where each

one is optimised against a set of predefined objectives. The ranges of the con-

tinuous parameters become optimisation constraints for each configuration in

order to obtain the optimum, or non-dominated, values for each parameter.

However, in many cases, not every design parameter will affect the optimi-

sation objective(s). Therefore, two competing configurations that only differ in

a design parameter that does not affect the objective (a “Dormant” parameter),

will yield the same optimisation results. Identifying the “Active” and “Dormant”

parameters for optimisation is crucial as it can vastly reduce the optimisation
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time due to eliminating duplicate optimisation runs.

In the case of multiobjective optimisation a number of non-dominated so-

lutions will emerge for each configuration, thus expanding the design space

around each one, but also providing alternatives for each configuration. In the

case where a selected configuration has to undergo design changes at a later

stage due to a change in requirements, there are alternative solutions to select

from. This can reduce or even eliminate the need for major redesigns and sub-

sequently the cost of the rework.

If necessary, further simulations can take place for each configuration, to

obtain performance metrics for the value drivers at each iteration. In addition,

the configurations can be assessed for sensitivity to design changes,how costly

a design change propagation could be, and evaluated using different penalty

weights (cost, weight, complexity etc.).

At the end of each iteration the optimised configurations are evaluated through

the results obtained from the trade studies and assessment stage. Parallel coor-

dinates are employed to help visualise the trade-offs between the configurations

and the performance of each one, because there will be a large number of con-

figurations, objectives, and performance metrics, .

Whereas optimisation methods aim at finding the optimum and non dom-

inated solutions, discarding the rest, in Set-Based Design the approach is the

other way around. The least desirable or least robust ones are identified and

discarded. This leads to a lot of non-optimum solutions being retained for later

stages, but robust enough to be used as back-up options.

After the set of feasible and desirable configurations has been narrowed down,

the computational power can be transferred to the remaining active configura-

tions where it can now be utilised for a more detailed evaluation of them. This
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allows for new performance metrics to be introduced and more detailed simu-

lations to take place.

The iterative step is performed over and over again until the desirable num-

ber of configurations have remained, which by this stage will have been matured

enough and evaluated thoroughly against the other options. The process of the

second stage ensures that the final configurations are robust, optimised, and

have available alternatives in case of a change in requirements. Feasibility of

alternative designs, in the case of requirements change, can be assessed using

interactive parallel coordinates by alternating the bounds of the affected design

parameters.

4.2.2 Conversion of Discrete Parameters

Before optimising and evaluating the configurations, their discretised design

parameters need to be transformed back to continuous ranges. Using Figure

4.2 as an example, the discrete values can be reverted back to their ranges in a

straightforward way; a ”High” option will revert to a range of 20-30 and so on.

The ranges of continuous parameters now become the constraints for the opti-

misation process.

The ranges of each parameter become the upper and lower boundaries of

each design parameter for each configuration. This creates a more confined

space, in which the optimiser seeks non-dominated solutions.

Having such confined design spaces for the optimisers to run in, along with

the complete elimination of areas in the design space due to undesirability or

infeasibility will vastly benefit the process. It will enable the optimisation pro-

cess to be more efficient and enable a thorough exploration of the desirable ar-
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eas in the design space.

4.2.3 Identification of active and dormant parameters

The last step before moving to the optimisation and simulation process, is the

identification of which design parameters are “Active” and which are “Dormant”.

An active design parameter is one that affects the optimisation objective while

dormant ones are the ones which do not have any effect. Objectives can change

at each iteration of the second stage and consequently so can the active and

dormant parameters.

Identifying which parameters are active and which are dormant, allows for

duplicate configurations to skip the optimisation process. Duplicate is with re-

gards to the optimisation results and not with the synthesis of the configura-

tions. The optimisation process is usually the most computationally expensive

process; therefore, reducing the number of configurations that are optimised

will considerably reduce the time required for the stage to be completed. Con-

figurations that will yield the same results are placed in optimisation clusters.

The identification of the parameters, and consequently the selection of con-

figurations, can be accomplished in numerous ways. A simple and straightfor-

ward approach would be to use a DSM to visualise the connection between de-

sign parameters and optimisation objectives. Configurations that differ only in

dormant parameters options will yield the same optimisation results since they

share the same active parameter options. Therefore only one of those configu-

rations need to go through the optimisation process and have the results shared

with the duplicate configurations.

For example, Figure 4.4 presents a simple example of a system with four de-
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Figure 4.4: Example of a DSM for identifying active and dormant parameters

sign parameters and one optimisation objective. At this stage, the interdepen-

dencies between the design parameters are not being considered, instead only

the parameters that directly affect the objective are considered. It becomes im-

mediately apparent that only the first three design parameters are affecting the

optimisation objective and not the 4th one. This makes the first three parame-

ters Active and the last one Dormant.

This means that configurations that share the same options for the first three

design parameters will belong in the same optimisation cluster; since they will

yield the same optimisation results. Any variation in the 4th parameter will not

alter the outcome of the optimisation process. It is worth noting however that

even though the 4th parameter is dormant for this specific objective, it might

affect the system in other ways, such as performance or optimisation objectives

in future iterations.
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Assuming no infeasibility or undesirability constraints have been set, if the

4th design parameter has even just two options, using this approach would

mean that only half the total possible combinations would need to be identi-

fied. In realistic cases where more parameters are dormant, each with more

options, using this approach can reduce the number of optimisation cases from

the order of thousands to the order of tens.

4.2.4 Optimisation

Following the process described in the previous section, the number of cases

that need to be optimised will have been reduced considerably. The combina-

tion of imposing the constraints and identifying the active parameters, allows

the optimisers to focus only in regions that are, not only desirable and feasible,

but that will also yield unique results.

The optimiser operates within the confined regions that are bound by the

ranges that have been converted from the discrete values. In the case of Mul-

tiobjective MDO, this approach can generate multiple non-dominated design

alternatives for each configuration, adding further flexibility and reducing the

cost of potential design changes that might occur later in the design lifecycle.

This is due to, not only having multiple configurations available at each stage,

but also different design variations of each configuration.

At each iteration of the second stage of the framework, new objectives can be

introduced along with new performance metrics and value drivers. The main

factors that need to be taken into consideration for any optimisation process,

is the selection of the right search algorithm and the right architecture. How-

ever, since the second stage is iterative, with the optimisation process having
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different objectives, parameters and constraints each time, the optimiser and

the architecture needs to be adaptable. With increasing cost and complexity,

especially of the evaluation functions, the optimiser and the MDO architecture

needs to be able to change at each iteration.

After the results have been obtained for the unique optimisation configu-

ration, they can be shared with the remaining active configurations within the

cluster. The results can be plotted using parallel coordinates, which will help

visualise trade-offs between the configurations. Even though the optimisation

results will be the same for configurations that belong in the same cluster, the

configurations are expected to yield different results in other areas;for example,

by introducing additional value drivers and performance metrics.

4.3 Evaluation and Assessment of Configurations

The optimisation process will generate information that can be used for trade

studies. It can identify where a configuration is performing better than oth-

ers as well as the trade-offs between them. However, the optimisation results

might not be sufficient to properly assess a configuration on its own. Therefore,

a number of additional performance metrics and value drivers are introduced

to help differentiate among the different configurations.

4.3.1 Additional Value Drivers

The most important factor that needs to be addressed when assessing and eval-

uating a configuration, is whether it meets the expected performance require-

ments. Simulation models can assist in determining just that, as well as how it
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performs with regards to other performance metrics under different states and

scenarios. Simulation models can also identify the flexibility and sensitivity in

design changes that the configuration can withstand without violating any con-

straints.

Using the CPM process as described by Clarkson [83], the sensitivity of a con-

figuration to engineering changes can be assessed; as well as how those changes

can propagate through the system. This can be a useful tool to identify high risk

components or subsystems that are prone to design changes, or elements that

need to have their designs frozen in order to avoid any potential changes later

on. One of the drawbacks of the CPM approach however is that it does not con-

sider the cost associated with the propagation of a design change. To address

that, a new method was developed and is presented in the next section.

A useful measurement of performance is the use of penalty weights for each

option. Depending on the system in consideration, each option can have penal-

ties with regards to complexity, cost, or weight. Penalties are usually assigned

on a range from 1-10, with 10 being the highest, and are primarily knowledge-

based. Adding up the penalties for the selected options of each subsystem that

make up the configuration, will give a metric of how costly (for example) that

configuration would be compared to others. Such an approach will benefit the

early stages of design decision-making for use in trade studies where a fast ap-

proach is required due to the large number of configurations being considered.

During later stages, these metrics can be replaced by using higher fidelity meth-

ods, such as more computationally expensive simulations.
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4.3.2 Cost Propagation due to Engineering Changes

Besides using the CPM approach to assess the sensitivity and impact of design

changes, it is also critical to be able to measure the costs associated with the

changes. The proposed change prediction method, CP2[111], shares some char-

acteristics with the CPM method described in Section 2.3.2. CP2 uses a DSM

to quantify the probability of propagation (i.e. the Likelihood) but the impact

measurement is removed in this case. A new measurement, cost weight, is intro-

duced, which is knowledge-based, as is the case with probability of propagation.

The obvious difference between impact and cost is that the former measures the

design impact on the other component; the latter measures how costly a design

change of the affected component will be. This means that while impact is de-

fined at the connection between two components, using a DSM (same way as

the probability), the cost is a property of each component independently. It is

important to notice however that cost does not necessarily mean directly a fi-

nancial one and it only represents a relative cost weight, hence, it is expressed

as a value in the range between 0 and 1. Figure 4.5 shows an example of a criti-

cal path network between two components in a system. Values above the paths

indicate the probability of propagation between two components, while values

above the components itself, indicate the respective cost weight of each com-

ponent.

Probability of propagation

Calculation of probability of propagation between two components (consider-

ing direct and indirect change) is straightforward; simply by using probability

rules for independent events. As with most propagation methods , indepen-
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Figure 4.5: Example of a critical path network with path probabilities and com-
ponent cost weights

dence between direct probabilities is assumed. For each critical path between

components, the path probability (ppn) is the product of all the direct proba-

bilities (d pi j) between components. In the formulation, i and j represent the

components with n being the path number:

ppn = ∏d pi j (4.1)

To get the combined probability Cpi j of all paths from the initiating component

to the receiving:

Cpi j = 1−∏(1− ppn) (4.2)

Cost Weights and Aggregated Cost

As mentioned before, each component is assigned a relative cost weight. The

cost weight is a value between 0 and 1 and represents how costly a design change

of that component will be, with 1 being the most costly. For each critical path,

assuming that the design change reaches the receiving component, the path

cost pcn is the sum of all cost weights cwi, including the weights of the initiating

and receiving component:
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pcn = ∑cwi (4.3)

To aggregate the costs of all paths between two components, each path prob-

ability is multiplied by the respective path cost and then all paths are summed.

The sum of all paths is then divided by the combined probability to get the ag-

gregate cost Aci j:

Aci j =
∑(ppn× pcn)

Cpi j
(4.4)

As expected the aggregate cost of a connection with only one path is the

same as the total cost of the path since the path probability is equal to the com-

bined probability.

Aggregate costs allow the user to identify which elements in a system are

more likely to occur higher costs than others; when a change originates from

them. This is due to considering the probabilities and costs of all paths in a

single metric.

DSMs can be generated from there on for combined probabilities between

all components, and aggregate costs using the respective equations. As opposed

to the traditional CPM approach though, where a combined impact is calcu-

lated along with risk, an aggregated cost is not as useful on its own for decision

making in the method presented here. This is due to each path having a dif-

ferent cost and different probability of it occurring, and combining those values

leads to loss of important information. It is therefore a lot more useful to be able

to see all possible path costs with their respective probability values. This will

lead to a more detailed and thorough assessment of the system.

In order to be able to visualize all possible propagation paths between com-

ponents when all the data have been calculated and obtained, a multidimen-
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sional data visualization tool is mandatory. For this reason, using a DSM in this

case is not possible. Therefore, parallel coordinates are employed to help vi-

sualize and analyse the paths. The parallel axis will provide the initiating and

receiving components, the combined probability between components, the ag-

gregated costs, as well as the individual path probabilities, and the path costs.

Additional axes can be added to show the intermediate components in each

path.

The two quantified DSMs with combined likelihoods and aggregated costs

can still be used if necessary. Further DSMs can be produced depending on the

needs and data that are required to be visualized such as the worst-case scenario

(highest path cost), and the most probable scenario (highest path probability).

4.3.3 Visualisation

Through the previous chapters where the process of ADOPT has been outlined,

it becomes apparent that a range of visualisation methods are employed, de-

pending on the stage and the type of information that is considered. DSMs

are used in multiple instances, from network modelling purposes to outline the

connections between the elements of the system in consideration, to design de-

pendencies for predicting change propagation. They can also be used to iden-

tify the active and dormant parameters to improve the optimisation process,

and present the risks, impacts and cost weight that are associated with change

propagation between pairs of elements.

With regards to change propagation, one of the most useful tools to visualise

propagation paths, are critical path networks. They offer the ability to visualise

the different possible paths that originate from a design change at one compo-
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nent, propagating through intermediate components, until they reach the final

affected element.

One of the most useful visualisation tools however is parallel coordinates. A

scatter plot is useful when visualising 2-dimensional or even 3-dimensional de-

sign spaces, but cannot visualise further dimensions. Parallel coordinates can

overcome this limitation and be employed to not only demonstrate the trade-

offs between objectives in a multiobjective optimisation problem, but also to

visualise the associated design parameters for each configuration. In the case

of costs associated with change propagation, parallel coordinates can be used

to visualise the probabilities and associated cost of the different paths of prop-

agation between any two components of the system.

All of the above methods aim to act as tools that will assist the design decision-

making process. Each one has different use depending on the type of data that

is being visualised, the design stage, but also on the person who requires the

information to make decisions.

4.4 Traceability

The proposed approach with the ADOPT framework is ensured to generate large

amounts of data due to multiple configurations. It is essential to be able to track

the configurations along with their properties throughout the design process. A

method for tracing and documenting the configurations along with their status

(active/inactive), and their performance characteristics, is vital in order to be

able to manage the large amount of information generated.

A widely used method that can manage something of this scale, besides the

use of conventional databases, is using eXtensible Markup Language (XML) files.
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The main benefit of using XML files is that they are both machine and human

readable and can be platform and interface agnostic. Further, regulated indus-

tries like aerospace, are required to archive and retain such information over

decades; therefore the information storage mechanism has to be in a neutral

format, like XML.

In the case of the ADOPT framework, the configurations are stored as ele-

ments with an identification for each one (Configuration ID). The design pa-

rameters are listed as subelements in each configuration and the selected op-

tion of each design parameters is assigned as an attribute. Using this approach,

the status of each configuration can also be traced. Figure 4.6 shows how a con-

figuration with two design parameters would appear in an XML file.

Figure 4.6: Example of XML syntax for ADOPT

Other performance metrics can be recorded on the XML entry of each con-

figuration. However large datasets such as optimisation results would yield a

very large number of data points which could prove difficult to manage and read

in an XML file. Therefore for large datasets, comma-separated values (.CSV)

files are utilised, and can be linked to the respective entry in the XML file. Fu-

ture implementations may use other emerging data standards, like Hierarchi-

cal Data Format (HDF), for storing and organising large amounts of simulation

data.
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Chapter 5

Aircraft Fuel Systems

In order to demonstrate the process and benefits of ADOPT, the design of an

aircraft fuel system is used as a case study. The main function of the fuel sys-

tem in an aircraft, as defined by EASA, is to ensure a fuel flow at the correct rate

and pressure to the engines under all probable operating conditions [112]. It

consists of a complex network of pipes, pumps, connectors, sensors and valves

(see Figure 5.1). As with any aircraft system, safety is a priority, especially in this

case, where flammable fuel is being considered. In order to ensure the reliabil-

ity and safe operation of the system, there are a number of things that need to

be taken into consideration, such as the flammability and pressurization of the

tanks. Provisions must also be made in order to minimise the effects of abnor-

mal events, like an uncontained engine rotor failure (UERF).

The system can be broken down in several subsystems, each with it’s own

function. The geometric characteristics of the wing will define the available vol-

ume in the wingbox, which will then define the shape and size of the tanks. The

tank location and size is then used to design the subsystems, while taking into

consideration the higher level requirements such as the aircraft’s intended mis-

73
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sion. This chapter aims to present the different subsystems present in a typical

aircraft fuel system and the design drivers behind each of the subsystems.

Figure 5.1: Airbus A340 Fuel System Schematic [113]

5.1 Storage

A typical Airbus A350-900 can carry up to 140,000L (110,523 Kg) of fuel, which

given the aircraft’s MTOW (280,000Kg) means that the fuel quantity can account

for almost 40% of the total weight. Depending on the intended mission of the

aircraft, the appropriate provisions need to be made in order to provide suffi-

cient space for fuel storage, for the given range and passenger / cargo capacity.
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The most common location for storing fuel, is within tanks located in the

wings. Additional fuel tanks can be present in the fuselage (Center Tank and

Additional Center Tanks - ACT) or even in the horizontal tail plane (Trim Tanks).

Each engine has its own feed tank, which is usually a cell within the wing or

center tanks. The purpose of the cell is to ensure that fuel is always immediately

available to the engines. A vent box (sometimes referred to as a surge tank) is

located on the edge of the wings. Its purpose is to collect any fuel that might get

into the vent lines and transfer it back to the main fuel tanks. Figure 5.2 presents

the location and arrangement of the aforementioned tanks on an Airbus A380.

Figure 5.2: Airbus A380 Fuel Tank Arrangement [113]
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When considering the locations of the tanks one major safety factor that

needs to be taken into consideration is the case of an Uncontained Engine Ro-

tor Failure (UERF). Such an event can produce debris that can have the energy

to penetrate the aircraft structure, which can lead to fuel loss. It is therefore

essential to include dry areas where fuel can’t be stored as shown in Figure 5.3.

Figure 5.3: Example of an Uncontained Engine Rotor Failure [113]

Due to the thin structure of wing, storing and gauging fuel is a challenge. Few

research papers have presented work on multidisciplinary design optimization

of the wing with consideration of fuel storage, fuel systems, and provisions for a

UERF [114].



5.1. STORAGE 77

5.1.1 Fuel management and Burning Sequence

In order for the collector cells of the engine feed tanks to be constantly full (or

close to), fuel needs to be transferred from other tanks. Due to the large vol-

ume of fuel present in an aircraft, it can significantly affect the Centre of Gravity

(CoG) of the aircraft. As fuel is being consumed the CoG shifts along the longi-

tudinal axis. Lateral changes are minimal unless in the case where fuel can’t be

transferred symmetrically from one of the wing tanks. In the case where a trim

tank is also present, the longitudinal shift of CoG increases, therefore it becomes

even more important to manage the refuelling and burning sequences.

An onboard fuel management computer manages the transferring of fuel to

the feed tanks for the engines, but also between the trim tank and the centre-

wing tanks for controlling the CoG. In the case of an engine failure, it can man-

age the cross-feed fuel from one tank to another.

5.1.2 Wing Load Alleviation

For aircraft with aluminium wings one important aspect to consider is the struc-

ture fatigue due to wing loads. Fuel can be used as a loads alleviation mecha-

nism by keeping fuel in the outer wing tanks during flight to act as a balancing

force to the lift. This is usually the case for long-range aircraft where the wing

tanks are split into a number of cells. It is important, where possible, to keep

the fuel in the inner tanks while on ground to avoid structure stress due to the

weight and then transfer them to the outer tanks after take-off.

This is where the fuel burning sequence gets even more complicated. As

mentioned in the previous section, the feed tanks need to be always close to

full (> 95%) and this can be accomplished by transferring fuel from the other
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tanks onboard. In such cases, the most common sequence is moving outwards,

meaning that consumption starts from the centre tank, then from the inner

wing tanks and finally from the outer tanks. Presence of a trim tank only adds to

the complexity since there are considerations that need to be made due to CoG

shifts as mentioned previously.

In the case of carbon fibre composite wings, the fatigue issue is removed

but only to be replaced by other issues such as protection of electronics from

electro-magnetic and electro-static phenomena.

5.2 Fuel Subsystems

5.2.1 Transfer System

As the name suggests, the purpose of the Transfer System is to transfer fuel be-

tween the tanks either by using gravity or pumps. In the case where fuel is trans-

ferred from the outer wing tanks to the inner ones and the engine feed tank

(considering a dihedral wing case), this is done using gravity due to tank cas-

cading. In the case of transferring fuel from the centre tank to the wing tanks, or

from the trim tank, this is done using pumps.

The Transfer System also enables the fuel burning schedule to ensure fuel

availability in the feed tanks, manage the shifts in CoG and transfer fuel to and

from the outer wing tanks for load alleviation. In order to minimise the com-

plexity and weight of the pipe network, in some cases the transfer system shares

most of its pipe network with other systems such as the refuelling and/or the

jettison; this also assists in maintenance.
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5.2.2 Refuel/Defuel System

For airlines to minimize turnaround times, quick refuelling is an important fac-

tor to be considered by the manufacturer. The most common method of refu-

elling a large transport aircraft is with pressure refuelling. The onboard Refuel

System transfers the pumped fuel from the ground station to the onboard tanks.

The system must be able to handle the pressure of the refuelling station,

while ensuring the right amount of fuel is transferred and stored at the right

location onboard. Defuelling only occurs for maintenance purposes or in the

rare case where the amount of fuel needs to be reduced before a flight.

5.2.3 Feed System

The Feed System is responsible for transferring fuel from the collector cells within

the feed tanks to the engines and the Auxiliary Power Unit(APU). Collector cells

tend to be as close to the engine as possible to avoid long fuel lines; therefore

ensuring the immediate availability of fuel to the engines.

It is an airworthiness requirement that each engine has it’s own dedicated

feed tank [112]. In the event of an engine failure a crossfeed system is in place

which enables the operating engine(s) to consume fuel from the collector cell of

the inoperable engine.

5.2.4 Venting System

Pressurization of the tanks due to climb, descend and refuelling, needs to be

avoided, as it can create large forces on the wing structure and tank walls. The

main function of the Venting System is to connect the ullage (empty space within
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a tank above fuel level) with the outside air to prevent large pressure differences.

The vent lines (pipes) start at the top of each tank, and end at the surge tanks

located at the wing tips, which are connected to the outside air. The purpose

of the surge tank is to collect any fuel that might have entered the vent lines,

and return it to the main fuel tanks. If the surge tank overflows, fuel is dumped

overboard.

When the system is being designed, the main driver is the consideration and

ability for the system to handle maximum descend cases. In cases such as loss

of cabin pressure where the aircraft needs to descend rapidly to a ”breathable”

altitude, the venting system must be able to handle the large mass flow rate of

air in order to avoid large pressure differences between the tank and the atmo-

sphere.

5.2.5 Tank Inerting

One of the major safety concerns that needs to be addressed is the flammability

of the ullage due to the combination of fuel vapours and oxygen concentration.

The centre tank has a much higher risk of fuel vapour explosion since in most

cases it has little to no fuel (the first tank to consume fuel from) creating a large,

highly combustible, ullage. Due to it being located in the fuselage, it does not

benefit from airstream cooling the same way that wing tanks do, thereby in-

creasing the risk factor.

To reduce the oxygen concentration in the ullage (and hence the possibility

of combustion), an inerting system must be present in the centre tank. The

purpose of the inerting system is to inject Nitrogen Enriched Air (NEA) into the

ullage that reduces the oxygen concentration. This is done by forcing oxygen
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out of the tank through the vent lines. Nitrogen is an inert gas, therefore not

combustible. EASA defines a tank as inert when the oxygen concentration in

the ullage is 12% or less [112].

The inerting system is usually operable during descent where atmospheric

air is flowing in the tank. Injecting NEA inside the tank displaces the oxygen

back out thereby keeping the ullage inert. Difficulties arise when considering a

half-empty tank in the take-off stage where air is flowing out of the tank there-

fore larger NEA flowrates are required in these cases.

5.2.6 Jettison

For aircraft where the Maximum Landing Weight (MLW) is substantially less

than the Maximum Take-Off Weight (MTOW), provisions need to be made for a

fuel jettison system. In cases of emergency landing immediately after take-off

(such as engine failure) the aircraft needs to dump fuel overboard as fast as pos-

sible, in order to meet the MLW and land safely. In worst case scenarios, where

not enough fuel can be dumped in time, the aircraft can still land above the de-

signed MLW but doing so, there is risk of landing gear failure and subsequent

system failures. In such cases, this will lead the aircraft to be grounded until for-

mal investigations have been carried out, and the aircraft is cleared to operate

again.

Since the jettison system is not a primary subsystem, and is one that will

rarely be used, design considerations need to be made to reduce the complexity

and weight of it. For this reason, a number of aircraft that employ a jettison

system, use the pipe network of other subsystems such as the Transfer system.
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Chapter 6

Case Study Definition

6.1 Introduction

To demonstrate the process of the ADOPT framework, a computational model

of it has been developed. The design of an aircraft fuel system is used as a case

study to show how each step is performed.

This chapter describes in detail the problem formulation in terms of as-

sumptions, parameters, constraints and objectives. The performance metrics

and value drivers are also defined and a template for traceability is proposed.

The remaining sections of this chapter demonstrate how the framework is

implemented computationally. An overview of the tools used for this case study

is presented. However, the framework has been defined generically and even

for this case study other tools can be used. The choice of the tools can be based

on their suitability to the task and the experience of the user.

83
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6.1.1 Tools and Software

Since ADOPT integrates a number of different approaches, methods and tools,

various computational tools and software are employed to develop the frame-

work computationally.

First and foremost, a workflow manager is vital for such a process in order to

integrate, monitor, and manage the different steps of the process. pSeven suite,

a software by DATADVANCE has been selected for this task. The suite is adver-

tised as a design space exploration tool [115]. It offers a number of pre-built

blocks that can be connected; the connections define the data flows between

the blocks. pSeven offers a number of readily available blocks but only a num-

ber of them are used for this case study:

• Script: Custom python script as provided by the user. This can also be

used for function evaluations in an optimisation loop.

• Program: A configurable block to call external programs or scripts.

• Optimizer: The optimisation block defines and solve the optimisation prob-

lem. It uses SmartSelection to select the most appropriate optimisation

approach depending on the complexity of the problem and the computa-

tional cost of the evaluation function. This is covered in more detail later.

• Map: Traverses an input list and outputs the elements one by one. Map-

ping blocks are also used to control a processing loop.

• CSVGenerator: Creates a CSV file from an input matrix.

• CSVParser: Receives data from a CSV and outputs a matrix.
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The implementation of the framework using pSeven, along with the respective

process flows, is covered in detail in a following chapter.

Cambridge Advanced Modeller (CAM) is a software tool for modelling and

analysing the dependencies and flows in complex systems [116]. In this case,

CAM is used to generate the DSMs of the systems as well as to calculate the

propagation of a change in the system using the embedded CPM algorithm. A

custom script developed, will also calculate the cost associated with the change

using the previously described method CP 2. CAM is also employed to generate

the critical path networks.

In order to validate the technical performance of the configurations a soft-

ware for simulating the fuel system is required. LMS AMESim by Siemens, pro-

vides an integrated 1-D simulation platform, including a library with predefined

models specifically for aircraft fuel systems [117].

Finally for visualisation purposes, High-D by Macrofocus and XDAT were

used [118, 119]. The software offer interactive parallel coordinates visualisation

with clustering and filtering, and can handle large datasets.

6.1.2 Assumptions

A number of assumptions are made for the case study. The assumptions that are

concerned with the geometry of the wing are obtained from the NASA techni-

cal memorandum that was used for the wingbox volume calculation [120]. The

assumptions concerned with the fuel systems and the tank sizing are obtained

from expert judgement. All assumptions are necessary in order to calculate the

optimisation objectives and the fuel system performance.

• The wings are untwisted, tapered and swept with straight leading and trail-
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ing edges.

• The resulting shape of the wing will be trapezoidal with the root and tip

chord being parallel.

• A part of the chord, both at leading and trailing edges, at any spanwise

location is used for high lift devices, hence not considered for the wingbox

volume calculations.

• The upper and lower surfaces of the wing (and the wingbox) are assumed

to be flat.

• The structural semispan of the wing is assumed to lie on the quarter-chord

line.

• Wing tank cells (where more than one present) are equal in volume.

• The volume taken up by the internal structure is not considered.

• The width of the carrythrough structure equals the diameter of the fuse-

lage.

• The length of the vent pipeline on each wing is equal to the structural

semispan of the wing.

• The radius of the venting pipe is 0.05m.

• A trim tank is only considered in terms of weight and complexity (no per-

formance calculations).
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6.2 Design Parameters

6.2.1 Aircraft Level Parameters

The high-level system considered here is concerned with the geometry, ma-

terial, and engines of the aircraft. For continuous parameters, the ranges are

knowledge-based and obtained from historical data [120, 121]. Table 6.1 presents

the design parameters of the aircraft level.

Parameter Type Options

Aspect Ratio Continuous 7−10
Wing Span Continuous 28−80
Sweep Continuous 24.5−37.5
Fuselage Width/Diameter Continuous 3.60−7.05
Taper Ratio Continuous 0.16−0.33
Thickness/Cord Ratio (root) Continuous 0.12−0.14
Thickness/Cord Ratio (tip) Continuous 0.07−0.11
Wing Material Discrete Aluminium , Composite
Engines Discrete 2 , 4

Table 6.1: Aircraft level design parameters

Out of the 7 continuous parameters, three of them (taper ratio and thick-

ness/cord ratios) will not be discretised in order to generate the configurations.

Instead, all the configurations will share the same ranges for those three param-

eters and consequently will have the same bounds for optimisation. This is due

to their small range and small effect on the result, compared to the rest.

6.2.2 System Level Parameters

As opposed to the aircraft level that comprised of both continuous and discrete

parameters, the fuel system level is entirely comprised of discrete parameters.
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The parameters are primarily with regards to the fuel tanks configuration and

subsystem options. Table 6.2 shows the design parameters of the level with their

respective options.

Parameter Type Options

Wing Tank Cells Discrete 1(Single),2,3,4
Centre Tank Discrete Yes, No
ACT Discrete 0,1,2
Trim Tank Discrete Yes, No
Inerting System Discrete Yes, No
Transfer System Discrete Pressure, Gravity, Both
Jettison System Discrete Yes,No

Table 6.2: Fuel system level design parameters

The venting system is a mandatory subsystem but has no options, which

is the reason why it is not included in the table. It is also a subsystem that is

defined and sized according to the rest of the design parameters.

6.2.3 Matrix view of the System

To create a model of the system network, the connections and design depen-

dencies need to be visualised within and between the different levels of the sys-

tem. Matrix methods can be employed to achieve that. Figure 6.1 presents a

DSM representation of the overall system and the interconnections between the

design parameters.

It is important to notice that some of the connections represent design de-

pendencies while others represent constraints that involve the 2 connected el-

ements. For example the connections with the wing tank cells element, are

both design dependencies, since the number of tank cells are dependent on the

length of the span and the material of the wing. On the other hand, the mirrored
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Figure 6.1: DSM view of the system

connections between span and aspect ratio, represent a constraint between the

two elements. The constraints considered for this case study are further ex-

plained at a later section.

The DSM can assist in identifying elements that have a large design impact

on the rest of the system, but can also identify elements that are highly depen-

dent on others. This can assist in the case of sequential design, where for exam-
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ple, the design of the transfer system is affected by 6 other elements, but only

has an impact on the design of the jettison system since they usually share the

same pipelines.

6.3 Generation of Configurations

After the system has been elaborated down to it’s design parameters and ele-

ments, and the options for each one have been identified, the generation of

configurations begins. This is the stage where one option from each parame-

ter is selected and combined to form a unique system architecture. By selecting

different options for each design parameter leads to the generation of multiple

unique system architectures / configurations.

In large complex systems, where a large number of design parameters and

options are present, the combination of all available options can lead to an un-

manageable amount of combinations. This makes it necessary to set some re-

strictions, in the form of constraints, to avoid exploring areas that will lead to

undesirable or infeasible configurations.

6.3.1 Discretisation of Continuous Parameters

In order to generate a finite number of all possible configurations, all the contin-

uous parameters need to be discretised into ranges and assign a linguistic term

to each one. The number of ranges that each continuous parameter is split into,

depends on a number of factors including the type of parameter and the size of

the range. Table 6.3 presents how the continuous parameters are discretised for

the current case study.
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Parameter Discrete Options LB UB

Aspect Ratio Low 7 8.5
High 8.5 10

Wing Span Short 28 45
Medium 45 63
Long 63 80

Sweep Low 24.5 31
High 31 37.5

Fuselage Width/Diameter Narrow Body 3.6 4.9
Wide Body 4.9 7.05

Table 6.3: Discretisation of Continuous Parameters (LB: Lower Bound; UB: Up-
per Bound)

6.3.2 Stage 1 Constraints

The narrowing down of options can be done systematically in two ways:

• Generate one configuration at a time and check against all constraints

each time.

• Generate all possible configurations, and eliminate the ones that violate

the constraints.

For this case study, the second option was chosen to avoid the excessive

number of loops of generating and checking each configuration. The process

is demonstrated in Figure 6.2.

Infeasibility Constraints

Infeasibility constraints are meant to remove configurations that are either com-

pletely impossible to be implemented and/or manufactured, or even if they

could be, they would yield highly undesirable results that wouldn’t change in the

future even with further research. These kind of constraints are imposed at two
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GENERATE ALL

POSSIBLE CONFIGURATIONS

ELIMINATE CONFIGURATIONS THAT

VIOLATE INFEASIBILITY CONSTRAINTS

(AT EACH LEVEL INDEPENDENTLY)

ELIMINATE CONFIGURATIONS THAT

VIOLATE INFEASIBILITY CONSTRAINTS

(TOP LEVEL)

ELIMINATE CONFIGURATIONS THAT

VIOLATE UNDESIRABILITY CONSTRAINTS

Figure 6.2: Process of discarding configurations using constraints

stages, as previously mentioned. The first stage is at each level independently,

in this case, the geometry level has some specific infeasibility constraints, and

the fuel system has it’s own independent constraints. The second stage is with

regards to the combined configurations from the different levels of the system,

ie. a constraint between the element of one level and another element from a

different level.

With the design parameters under consideration, the following constraints

are imposed:

• A centre tank is present without an inerting system. This would violate

safety regulations.

• No centre tank but 1 or more ACTs. ACTs can only be present with a main

centre tank (hence the “Additional” in ACT)

• No centre tank with an inerting system present. That would render the

inerting system useless since wing tanks do not require inerting.

• Narrow body with 4 engines. Even though this could go under the unde-
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sirability constraints, no narrow body aircraft has 4 engines since it adds

unnecessary complexity, weight, and it is not as efficient.

• A gravity-only transfer system with a trim tank present. A pressure system

needs to be present for transferring fuel between the trim and wing tanks

regardless of the aircraft’s attitude.

• A gravity-only transfer system with more than 1 wing tank cell. A pressure

system needs to be present in order to transfer fuel outboard for load alle-

viation purposes and to the engine feed tanks.

• A gravity-only transfer system with a centre tank present. The transfer sys-

tem needs to be able to transfer fuel from the centre tank to the wing tanks,

which requires a pressure-based system.

• A single wing tank cell with 4 engines. Each engine needs to have it’s own

feed tank which entails the need for more than one cell on each wing.

Any configuration that has any of the above features, is considered infeasi-

ble, and is discarded.

Undesirability Constraints

A number of configurations might evidently, and due to previous knowledge,

yield undesirable results. However this might be due to technological limita-

tions or other factors that might not be present at a future stage. Undesirability

constraints aim to remove configurations that fall under that category but with-

out discarding them completely (as opposed to infeasibility constraints where

configurations are completely discarded). Undesirable configurations get stored
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in a separate database for future evaluations but do not proceed to the second

stage of the framework.

The undesirability constraints that are imposed after the combination of the

system-specific configurations are:

• A composite wing with more than one wing tank cell, increases the com-

plexity unnecessarily. Composite wings do not require wing load allevi-

ation since they do not suffer from structural fatigue the same way alu-

minium ones do.

• An aluminium wing, with long span and just one wing tank cell. Due to the

large span, wing load alleviation mechanisms, using the wing tank cells,

are highly desirable in order to reduce the fatigue of the wing.

• A narrow-body aircraft with a trim-tank. Smaller aircraft, in the narrow

body range, do not usually require a trim tank. Therefore, having a trim

tank would unnecessarily increase both weight and complexity.

• A narrow-body aircraft with a jettison system. Jettison systems are only

found in large, wide-body aircraft where the MLW is substantially less than

the MTOW.

Any configuration that falls under the above criteria, will no longer be con-

sidered for the second stage of the framework. They will however remain in the

database but their status becomes ’inactive’ so that no further assessment on

them takes place.
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6.4 Traceability

As previously mentioned, the approach presented as part of this work, entails

the generation of large amounts of data and information. The knowledge that

results from this approach need to be traced and documented throughout the

entire process. In order to do so, the configurations need to have a unique iden-

tification number that tracks the performance of each one. Furthermore, each

configuration needs to have a record with the synthesis of it, the results for the

performance metrics, and any further associated data.

6.4.1 Identification of Configurations

Before the records are created for each configuration, a unique identifier needs

to be assigned to each one. In this example, the approach taken is by using the

initials for each of the options that make up each configuration. Table 6.4 shows

the initials corresponding to each option.

Using Table 6.4, the unique identification number (Configuration ID), can be

synthesised for each configuration. In the case of a (L)ow aspect ratio, (S)hort

span, (L)ow sweep angle, (N)arrow body, (A)luminium wings, (2)Engines, (1)

wing tank cell, (Y)es to a centre tank, (0) ACTs, (N)o Trim tank, (Y)es to an in-

erting system, (B)oth a gravity and pressure transfer system, and (N)o Jettison

system would yield the configuration ID LSLNA21Y0NYBN. A schematic repre-

sentation of the above configuration and a configuration of the other extreme

(High aspect ratio, Long Span, etc.) is shown diagrammatically in Figure 6.3.

The approach used here with the initials of each option, is useful for this

application area where a relatively small number of parameters is considered.

The approach not only gives meaning to the IDs, but also makes them human-
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readable. However, larger and more complex systems would require an alterna-

tive approach, such as a machine-readable ID, rather than a human-readable

one which is used in this example.

Parameter Options

Aspect Ratio (L)ow, (H)igh
Wing Span (S)hort, (M)edium, (L)ong
Sweep (L)ow, (H)igh
Fuselage Width/Diameter (N)arrow, (W)ide
Wing Material (A)luminium, (C)omposite
Engines (2), (4)
Wing tank cells (1),(2),(3),(4)
Centre Tank (Y)es, (N)o
ACT (0),(1),(2)
Trim Tank (Y)es, (N)o
Inerting System (Y)es, (N)o
Transfer System (P)ressure, (G)ravity, (B)oth
Jettison System (Y)es, (N)o

Table 6.4: Initials for Configuration IDs

Figure 6.3: Scaled representation of the LSLNA21Y0NYBN and
HLHWA23Y0NYBN configurations
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6.4.2 XML Definitions

After the configuration IDs have been generated for all configurations, the records

can start being built for each one. Using an XML file as described earlier, the en-

try for each configuration contains the synthesis of it with the options selected

for each design parameter. Furthermore, each configuration has an entry for

the main performance metrics; in this case the weight and complexity penal-

ties. Figure 6.4 shows an example of an empty configuration entry in the XML

file.

Figure 6.4: XML Document Structure for a Configuration

Data that cannot be included in the XML either due to their size or dimen-

sionality, are referred to using file identifications. In this case, since optimisa-
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tion results tend to be large in size and dimensions, they are saved in comma-

separated variables (.CSV) files.

The optimisation IDs, that refer to the optimisation clusters, are similar to

the configuration IDs but are reduced to the active parameters only. The nam-

ing convention for the optimisation clusters is outlined in Section 6.5.5.

6.5 Optimisation

The most important step of the second stage of the framework is the optimisa-

tion process. The step aims to explore the confined design space areas for each

configuration and find the optimum or the non-dominated solutions for each

one.

In this example, two objectives are considered to demonstrate the trade-off

in multi-objective optimisation when considering competing objectives.

6.5.1 Conversion of Discrete Parameters

Before the optimisation process takes place, the design parameters that were

previously discretised, need to be reverted back to their continuous ranges. Those

ranges become the optimisation constraints for each continuous parameter.

Following the discretisation in Table 6.3 each configuration defines its con-

straints using the ranges previously selected. In this case, a Low Aspect ratio

configuration, will have its Lower Bound (LB) at 7 and its Upper Bound (UB)

at 8.5 for the Aspect Ratio variable. Any value above 8.5 would violate the con-

straints since it falls into the High aspect ratio area where other configurations

lie.
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6.5.2 Objectives

The optimisation process for this example aims to demonstrate the performance

of two competing objectives that can be calculated analytically. The first objec-

tive aims to maximise the volume of the wingbox while the second one aims

at minimising the volume of the surge tank. Since both objectives are depen-

dent on common parameters like the span and the fuselage width, and their

functions are opposite (maximisation and minimisation), a number of non-

dominated solutions are expected to arise.

6.5.3 Wingbox Volume Calculation

One of the objectives for optimisation is to maximise the volume of the wingbox.

The larger the volume, the more fuel can be stored in the wing. To calculate

the volume, an analytical approach is used as presented in the NASA technical

memorandum by Ardema et al. [120].

VW =
bS(1−CS1−CS2cos(ΛS)

3
× [RtRCR(2CR +CT )+RtT CT (CR +2CT )]

+(1−CS1−CS2)RtRC2
RwC︸ ︷︷ ︸

Carrythrough Structure

(6.1)

A =
b2

AR
bS =

b−wC

2cos(Λ)

C′R =
2A

b(1+T R)
CT = T R×C′R

CR =C′R−
wC

b
(C′R−CT )
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where VW is the wingbox volume, bS is the structural semispan of the wing,

CS1 is the unusable part of the leading edge as a percentage of the chord, CS2

is the unusable part of the trailing edge as a percentage of the chord, ΛS is the

sweep angle of the structural span at quarter-chord line, RtR is the thickness-

to-chord ratio at root, RtT is the thickness-to-chord ratio at tip, CR is the root

chord of wing at fuselage intersection, CT is the tip chord, wC is the width of the

carrythrough structure of the wing, A is the area of the wing, AR is the Aspect

Ratio, b is the span if the wing, C′R is the theoretical root chord and T R is the

taper ratio. Some of the aforementioned parameters are shown in Figure 6.5.

Figure 6.5: Structural wingbox and carrythrough structure

We consider the centre tank volume equal to the volume of the carrythrough

structure. Therefore, the second part of the equation for the carrythrough, be-

comes zero for the configurations where no centre tank is present.

Each configuration has different bounds for the aspect ratio, wing span, sweep

and the fuselage width, which are defined in the first stage during the genera-

tion of the configurations. In order to calculate the wingbox volume using the
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formula presented above, a number of other variables are required, the bounds

of which are shared between all configurations. The three parameters that have

the same range are the Taper Ratio and the Thickness/Chord ratio for both the

tip and the root chord. Furthermore, the unusable parts of the leading and trail-

ing edges, CS1 and CS2 , are constant at 0.14 and 0.2 respectively; as a percentage

of the chord.

6.5.4 Surge Tank Volume Calculation

The volume of each surge tank is assumed to be three times the volume of the

vent pipe for each wing. For simplification purposes, we assume that the length

of the vent pipe is equal to the structural semispan of the wing plus 10% of the

width of the carrythrough structure and the vent pipe has a constant radius of

0.05m.

VS = 3(bS×πr2)+ 3(0.1wC×πr2)︸ ︷︷ ︸
Centre Tank section

(6.2)

For configurations where a centre tank is not present the second part of the

equation becomes zero.

The main difference between the optimisation of the wingbox volume and

the surge tank is that the objective is to maximise the former and minimise the

latter, hence, there is a trade-off.

6.5.5 Identification of Active and Dormant Parameters

Following the approach outlined in Part II, a DSM is employed to map the de-

pendencies between the design parameters and the optimisation objectives.



102 CHAPTER 6. CASE STUDY DEFINITION

Using the DSM in Figure 6.1, two additional elements are added to represent

the two objectives. From there on the dependencies can be mapped; using the

objective functions and identifying the variables that affect them. Figure 6.6

shows the expanded DSM.

Figure 6.6: Identification of active parameters for optimisation

At this point, the interest lies on the connections between objectives and

variables; therefore, the interconnections between the variables can be removed.



6.5. OPTIMISATION 103

This allows the DSM to be truncated in order to identify the active parameters

more easily as shown in Figure 6.7.

Figure 6.7: Reduced view of the DSM for the identification of active parameters.

Using Figure 6.7 the active parameters become clear. For example, any com-

peting configurations that only differ in the number of engines, or the number

of ACTs, will yield the same optimisation results and will therefore belong in the

same optimisation cluster. The active parameters that do affect the optimisa-

tion are:

• Span

• Aspect Ratio

• Sweep Angle

• Fuselage width

• Taper Ratio, Thickness to chord Ratios (these are shared ranges between

all configurations)

• Centre Tank

• Venting System
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Using the parameters above the optimisation clusters IDs can be formulated.

Using the example of configuration LSLNA21Y0NYBN, the optimisation ID of its

cluster would be LSLNY. This is due to the active parameters being: (L)ow aspect

ratio, (S)hort span, (L)ow sweep angle, (N)arrow body, and (Y)es to a centre tank;

the venting system does not have options. The other initials can be removed as

they do not affect the objective. The same optimisation ID is shared with other

configurations in the same cluster that only differ at inactive parameters.

6.6 Further Assessment and Evaluation

The optimisation process alone will often not yield enough information for de-

sign decision making. It is therefore important to evaluate the configurations

further, in order to gather more information.

Further assessment and evaluation for this example considers complexity

and weight penalties, if the system meets certain performance requirements

such as tank venting in rapid descent cases, and sensitivity to design changes

(change and cost propagation).

For the system performance and change propagation, the two extreme con-

figurations presented before (LSLNA21Y0NYBN and HLHWA23Y0NYBN) will be

described.

6.6.1 Complexity and Weight Penalties

In the early stages of a design lifecycle, knowledge-based and empirical meth-

ods can provide additional information for decision making. Following the op-

timisation process outlined in the previous Section, a configuration with a long
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span, will result in a larger wingbox volume when compared to a configura-

tion with a short span; given that all other design parameters remain the same.

However, the Long span configuration will result in a heavier structure, amongst

other possible drawbacks.

For this reason, knowledge-based penalties can be introduced for each op-

tion of every design parameter. At this stage, two different penalties are consid-

ered: weight and complexity. Complexity includes difficulties in design, man-

ufacturing, and maintenance. The penalties are assigned on a range from 0 to

10, with 10 being the most heavy/complex option. The lightest or simplest op-

tion of each design parameter always has a zero value for that penalty; for ex-

ample, a short span wing has a zero weight penalty since it’s the lightest of the

three options (Short, Medium, Long). Table 6.5 shows the associated weight and

complexity penalties for all options.

When all the configurations have been generated, their total weight and com-

plexity penalties can be calculated; this is done by summing up the penalties of

the options that form the configuration. Using this approach provides a fast ap-

proach to introduce an additional metric with which the configurations can be

further assessed. However, such an approach entails high levels of uncertainty

and it is only applicable during the early stages of design; where a rapid assess-

ment is required due to the large number of configurations being considered.

At later stages, higher fidelity methods will need to be employed to assess each

configuration in more detail through simulations.
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Parameter Option Weight Penalty Complexity Penalty

Aspect Ratio Low 0 0
High 0 0

Wing Span Short 0 0
Medium +1 0
Long +2 0

Sweep Low 0 0
High 0 0

Fuselage Width/Diameter Narrow Body 0 0
Wide Body +4 +1

Wing Material Aluminium +4 0
Composite 0 +3

Engines 2 0 0
4 +2 +2

Wing Tank Cells 1 0 0
2 0 +1
3 0 +2
4 0 +3

Centre Tank Yes 0 +1
No 0 0

ACT 0 0 0
1 0 +1
2 0 +2

Trim Tank Yes +2 +5
No 0 0

Inerting System Yes 0 +1
No 0 0

Transfer System Pressure +1 +1
Gravity 0 0
Both +1 +2

Jettison System Yes 0 +1
No 0 0

Table 6.5: Penalties for each design parameter option
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6.6.2 System Performance

When the configurations have been generated the initial simulation models can

be constructed; the details of the models however, such as the tank geometries,

will be dependent on the optimisation results. The models can be used to en-

sure that the selected configurations meet certain performance criteria, and can

also be used for further optimisation studies.

Siemens AMESim (Advanced Modelling Environment for Simulations), part

of the LMS Imagine.Lab suite, is a 1D modelling and simulation environment

[117]. In this work it is employed for modelling, simulating and assessing se-

lected configurations by determining their technical performance.

The main drivers behind choosing AMESim are the ease of use of the soft-

ware, its extensive capabilities, and the fact that it has an in-built library with

models of aircraft fuel system components. It also provides a range of input and

output analysis tools, design space exploration and custom scripting.

The aircraft fuel systems library comes with ready-to-use models for compo-

nents such as the fuel tanks, pipes, orifices, etc.; all of which are fully customis-

able. Other libraries such as pneumatics, thermal, thermal hydraulic, and gas

mixing were also used. The fuel tanks were defined by tables that specify the

volume of fuel, and wet/dry areas at different aircraft attitude during a flight,

depending on the geometry of the tank.

One of the performance metrics that were evaluated in this case study, was

the performance of the venting system. As stated previously, the vent line lies on

the structural semispan of each wing. For configuration LSLNA21Y0NYBN the

venting system is presented in Figure 6.8 where the blue dashed lines represent

the venting pipelines.
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Figure 6.8: Venting System Schematic for configuration LSLNA21Y0NYGN.

To model the above configuration in AMESim, a number of model libraries

were used, including the aircraft fuel systems library and the gas mixing library.

Figure 6.9 presents the AMESim model of the LSLNA21Y0NYBN tank configura-

tion with only the venting and inerting systems; this is the initial configuration

of the system as the tank geometries and pipe lengths were defined using the

optimisation results.

Each block in the model represents a mathematical model; details of each

one can be found in the appendix. The components are coloured depending

on the library they belong in; for example, the aircraft fuel systems library has a

blue colour while the signal processing library is red.

It becomes apparent that models for each configuration, even for simple sys-

tems, can become complex and difficult to manage quite fast. This becomes

evident when more complex configurations start being modelled as shown in

Figure 6.10; where the venting and inerting system of the HLHWA23Y0NYBN

configuration is presented.

Schematically, the only thing that changes between the two models at this
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Figure 6.9: AMESim Model for the venting and inerting systems of configuration
LSLNA21Y0NYBN.

point is the number of wing tank cells and consequently the venting line. The

main difference between the 2 models is the size and location of the tanks which

will be defined after the optimisation takes place; the results of which will also

define the length and performance of the venting system.

The models can be further expanded to include the refuelling system; the

pipelines of which are also used for the transfer system in most cases. Using the

initial HLHWA23Y0NYBN model, the refuelling system was added to it as shown

schematically in Figure 6.11; blue lines represent the venting system, while or-

ange lines represent the refuelling system.

The venting system performance can be evaluated in two scenarios: the
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Figure 6.10: AMESim Model for the venting and inerting systems of configura-
tion HLHWA23Y0NYBN.

Figure 6.11: Schematic representation for the venting and refuelling systems of
configuration HLHWA23Y0NYBN.
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maximum descend case, and on ground refuelling; in both cases, there must

be sufficient air flow in and out of the tank ullage so that no pressurisation oc-

curs. Using the schematic representation, the AMESim models can be expanded

to include the refuelling system as shown in Figure 6.12. However, the inerting

system is removed at this stage since the refuelling case will be used for the eval-

uation of the venting system alone.

Figure 6.12: AMESim Model for the venting and refuelling systems of configura-
tion HLHWA23Y0NYBN.

The simulations ran for the two scenarios described above in order to eval-

uate the performance of the venting system. For the maximum descent case, a

table with the change of altitude over time was provided as shown in Figure 6.13.
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The rate of descent was approximately 6000 feet per minute until the aircraft

reached an altitude of 25000 feet and then it continued with a normal descend

rate.

Figure 6.13: Altitude change for both descent cases

The inerting system was also evaluated during the maximum descent sce-

nario. It is expected that if the system can keep the centre tank inert in such

extreme case it will be able to meet the performance requirements under nor-

mal operating conditions as well. The mass flow rate of the NEA was set at a

maximum of 70g/s. The inerting system starts operating right before the aircraft

starts its descend, which is where there would be a large flow of atmospheric air

in the tank. It was also assumed that the centre tank is empty when the descend

begins. Figure 6.14 shows the NEA flow rate over time for both descent cases.

Finally, for the refuelling case, the refuelling rate was set at a constant 6000

Litres per Minute. Sensors were used for each tank that indicated when a tank

had reached 95% capacity, at which point the inflow valve of the tank was closed
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Figure 6.14: NEA Flow rates for both descent cases

in order to avoid overfilling. Since, at this stage, the conditions considered were

ideal (frictionless flow), it was expected that the tanks would be refuelled at the

same rate in parallel. However since the Centre Tank had a smaller capacity

than the wing tank cells, it was expected to be the first one to fill.

Besides the performance of the system in terms of flowrate etc., AMESim

provides the capability to observe the thermal characteristics of the system, as

well as mass properties (Centre of gravity), for all stages of flight. In cases where

a trim tank is present, a fuel burning sequence using in-built statecharts can be

introduced for controlling the CoG. Even though those metrics are not consid-

ered in the current work, they are areas for further exploration in future work.
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6.6.3 Change and Cost Propagation

Further to the penalties and the system performance, the configurations were

also assessed in terms of sensitivity to design changes and the associated costs.

The DSMs that were used for modelling the change propagation of each con-

figuration were modifications of the fuel system base DSM presented in Figure

6.1.

The modified DSMs were quantified with values for likelihood and impact

for the purposes of calculating the change propagations, and the elements were

assigned a cost weight for the cost propagation. The same selected configu-

rations that were used for the system performance metrics, were also used as

example configurations for the prediction of cost and change propagation.

The DSM can be reduced by removing the elements that are not present in

the configurations. For example, neither configuration has an ACT, a trim tank

or a jettison system, therefore those elements can be removed from the DSM.

Furthermore, the elements for Taper Ratio, and both T/C ratios can be removed

since they have no connections. This means that both configurations will share

the same reduced DSM shown in Figure 6.15.

In order to calculate the change propagation and the combined risks, the

DSM connections needed to be quantified with values for direct likelihood and

impact. The quantified DSMs are shown in Figure 6.16. All values are empirical

and based on expert judgement.

Furthermore, to calculate the costs associate with the change propagation,

besides the probability DSM, a cost weight needed to be assigned to each system

element. Table 6.6 shows the respective cost weight for each element. As with

the change propagation prediction, the cost weights are also empirical.
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Figure 6.15: Reduced DSM for both configurations

(a) Likelihood/Probability (b) Impact

Figure 6.16: Quantification of the reduced DSM with values for Likelihood and
Impact
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Element Cost Weight

Aspect Ratio 0.6
Wing Span 0.6
Sweep 0.4
Fuselage Width 0.9
Wing Material 0.7
Engines 0.8
Wing tank cells 0.5
Centre Tank 0.4
Inerting System 0.1
Transfer System 0.4
Venting System 0.3

Table 6.6: Cost weight for system elements



Chapter 7

Computational Workflow

Implementation

7.1 Introduction

As mentioned in Section 6.1.1, in order to integrate the steps and processes of

ADOPT, a workflow management tool is required. For this case study, pSeven

Suite by DATADVANCE was employed to manage the workflow and dataflow of

the two stages of ADOPT. The scripts were coded in Matlab for the generation of

configurations, while Python was used for all other tasks such as optimisation

and data management.

The workflow was built upon multiple levels with the top level presented in

Figure 7.1. The top level consists of 4 Blocks: 3 Composite ones and 1 Python

script; composites are blocks that contain another workflow within them when

expanded. From the top level view of the workflow, the first step was to process

Stage 1 of the framework which deals with the generation of configurations and

the associated XML and CSV files for record-keeping.

117
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Figure 7.1: Top level view of the Workflow

Before proceeding to the second stage, the active cases are passed from the

’Consolidation’ block. A python script consolidates the active cases using the

selection of Active and Dormant parameters. It then passes on the cases that

will yield unique optimisation results.

Stage 2 receives the consolidated configurations with their optimisation IDs,

and optimises each configuration against the predefined objectives, with its re-

spective constraints. The results from Stage 2 are transferred to the final com-

posite block, which deals with the calculation of penalties and processing of

results.

A detailed description of the ADOPT implementation in pSeven is presented

in the following sections along with the expanded composite blocks.

7.2 Stage 1

The first stage of the workflow(and the framework) is made up of 4 blocks as

shown in Figure 7.2. The stage is concerned with the following processes:

• Generation of Configurations
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• Infeasibility and Undesirability checks

• Creation of the XML database for record keeping and the CSV file for the

optimiser

• Conversion of discretised parameters back to ranges for optimisation pur-

poses

Figure 7.2: Stage 1 composite block

The first and main block is a Matlab program that generates the configura-

tions and imposes the infeasibility and undesirability constraints. The program

consists of the 7 scripts described in detail in Table 7.1.

The options for the aircraft level and the fuel system level are predefined in

their respective scripts. The main script, CaseGenerator.m calls the two scripts

to generate all possible combinations at each level, and discards the infeasible

ones. The combine.m script then combines all the feasible options from the two

level, before those configurations are checked against another set of infeasibility

constraints and undesirability.

The results from the Matlab program are then saved in a CSV-format file.

The file contains the parameters of all feasible configurations along with their

respective Configuration IDs and status; cases are active if they have passed the
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Matlab script name Details

CaseGenerator.m Top level script. This is the script that manages all
sub-processes and the script that gets called from the
pSeven workflow.

systemoptions.m Combines options at the fuel system level and per-
forms infeasibility checks.

aircraftoptions.m Combines options at the aircraft geometry level and
performs infeasibility checks.

combine.m Combines the configurations from the two levels to
get the full system configurations

convert.m Generates the Configuration IDs, and adds the ’Sta-
tus’ of each case to the database

feasibility.m Checks the combined configurations from the two
levels against infeasibility constraints. Configura-
tions that violate the constraints get discarded.

desirability.m Checks the combined configurations against unde-
sirability constraints, and changes the ”Status” pa-
rameter to inactive if any of those constraints are vi-
olated.

Table 7.1: Matlab scripts for the generation of configurations

undesirability constraints and inactive if they failed.

The CSV file is then passed through a Python script that extracts all the im-

portant information (IDs, parameters, status,) and creates the XML file for record

keeping. The original CSV file is then passed through a second python script

that converts the discrete parameters back to their respective ranges. This is

done in order to prepare the data for the optimiser that follows in the next stage.

However, before the workflow proceeds to the second stage, there is an in-

termediate python script between the two composite blocks(Stage 1 and Stage
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2). The script processes the CSV file from the first stage, and removes the dupli-

cate configurations based on the dormant parameters. The active and dormant

parameters again are predefined before the workflow starts. The intermediate

script also generates the optimisation IDs for the unique configurations; unique

in this context refers to the configurations that yield different optimisation re-

sults. The output of this script is a consolidated version of the original CSV file

that contains the configurations to be optimised, along with their optimisation

IDs and upper and lower bounds for optimisation.

7.3 Stage 2

Stage 2 of the workflow deals exclusively with the optimisation process. The

breakdown of the composite block for the stage is presented in Figure 7.3 below.

The second stage makes use of the consolidated CSV file since, at this stage,

only the optimisation process is considered. The first step in the block is to

check if the results are already available (from previous runs) and create a new

entry for the current run.

The consolidated CSV file passes through a python script that splits the file

in two; both contain the configurations for optimisation but the first includes

the lower bounds for each parameter, while the second one contains the upper

bounds for each one.

The “map” blocks of pSeven are responsible for processing the CSV files row

by row. At each iteration, the “map” blocks send a row, and when they receive

a signal back they proceed to send the second row. This way, at each iteration,

each mapping block sends the respective bounds(upper and lower) for the con-

figuration that is to be optimised.
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Figure 7.3: Stage 2 composite block

A third CSV Generator and Map pair is also used. The purpose of the third

one is to inform the optimiser whether the configuration that will be optimised

contains a centre tank or not. It is essential for the optimiser to know whether

a centre tank is present since the inclusion of one or not changes the objective

functions as shown in equations 6.1 and 6.2.

A python script is present between the mapping blocks and the optimiser

to ensure that the bounds and the centre tank information that each mapping

block sends to the optimiser are the correct ones.

Following the python script that checks the bounds, the composite block

that consists of the optimiser and the evaluation functions performs the op-
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timisation process for each configuration. The expanded composite block for

optimisation is shown in Figure 7.4.

Figure 7.4: Optimisation composite block

The composite optimisation block contains a condition check as the first

step. The condition block checks whether the configuration being optimised

contains a centre tank or not. Depending on that, the data continues to flow

to the respective ”Optimizer” block. The top optimizer uses the modified eval-

uation functions shown in equations 6.1 and 6.2 without the second part that

concerns the centre box. The bottom optimizer deals with configurations that

do include a centre tank. Furthermore, the respective optimizer block receives

and sets the upper and lower bounds for each variable.

The optimizer blocks are pre-configured with regards to the number and

type of objective functions to be evaluated. The user provides ”Hints” as to the

evaluation cost type (Cheap / Expensive) and the linearity type (Generic / Lin-
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ear / Quadratic). The user also provides the blocks with the type of problem that

needs to be solved whether it’s analytical, noisy, or smooth. Using the inputs,

the block uses the SmartSelection tool to automatically chose the appropriate

optimisation algorithm for the problem.

In design processes, such as the one presented in this work, a tool like this

can be very useful as it can adapt to the difficulty and type of the optimisation

problem at hand. For this case study the inputs provided to the optimiser are

cheap and generic evaluations, and the problem is set as analytical.

The python scripts accompanying each optimizer block deals with the eval-

uation of the analytical functions for the wingbox and surge tank volumes. They

receive a set of variables from the optimiser within the predefined bounds, cal-

culate the volumes and return the results to the respective optimiser. This pro-

cess goes on for a predefined number of steps until a number of non-dominated

solutions are obtained.

After each configuration has been optimised, and the non-dominated results

have been acquired, they are stored in a CSV file with the appropriate structure.

The CSV file gets appended with the non dominated solutions each time a con-

figuration completes the optimisation process. The end result is a CSV file con-

taining all the optimised configurations with the respective solutions for each

one.

7.4 Results Processing

When both stages of the framework have been completed, a final composite

block manages the results and the processing of them; the results processing

block is shown in Figure 7.5. Two main files are used for this stage: the first is
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the XML file of all the configurations along with their status and design param-

eters, and the second is the CSV file with the non-dominated solutions for each

Optimisation case.

Figure 7.5: Results Processing composite block

The first step of the post-optimisation process is to format the CSV file of the

optimisation results to add the Optimisation IDs for each set of solutions(and

respective variables for each one) using the order they were optimised.

The second step (which can be processed in parallel with the previous one)

is the calculation of the penalties for each active case. Following the process

described in the previous chapter, each configuration receives a value for com-

plexity and weight penalty. After the calculation is completed, each ’Active’ en-

try in the XML file is updated with the respective penalties.

All the active configurations from the XML file are gathered in a new CSV file

that contains the Case ID, Complexity and weight penalties, and their respec-

tive Optimisation ID. Using the newly generated CSV file, the final step of the

workflow, merges it with the optimisation results, to generate the full dataset

required for plotting the parallel coordinates. Using this approach, the result-

ing dataset will contain each configuration separately with its penalties, and the

associated non-dominated options for each one.
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Chapter 8

Results

8.1 Stage 1 Results

The first stage of the workflow, as presented in the previous section, deals with

the generation of configurations. The system in consideration consists of 13 de-

sign parameters (not considering the common ones such as the taper ratio), and

each design parameter has a number of possible options. To get the total num-

ber of possible combinations the number of options of each parameter needs

to be multiplied together as shown in Table 8.1.

From Table 8.1 it becomes apparent that even for a small number of design

parameters, each with just a few options, the resulting number of possible con-

figurations is very high. Evaluating and optimising 55296 configurations would

not only require a prohibitive amount of time, it would also generate a large

amount of data that would be difficult to manage.

For this reason, infeasibility and undesirability constraints were imposed to

reduce the number of configurations to be evaluated. The first set of infeasibility

constraints was set at each level independently, while the second was set after

127
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Design Parameter Number of options

Aspect Ratio 2
Span 3

Sweep 2
Fuselage Width 2
Wing Material 2

Engines 2
Wing Tank Cells 4

Centre Tank 2
ACTs 3

Trim Tank 2
Inerting System 2
Transfer System 3
Jettison System 2

Total
Configurations:

55296

Table 8.1: Calculation of all possible configurations

the levels merged to generate the complete configurations of the system. The

last step is the undesirability check where the configurations are not remove,

they are however made inactive. The sequential reduction in configurations is

shown in Table 8.2 in terms of number of configurations that were filtered out at

each step, and the reduction percentage of desirable configurations remaining;

compared to the previous step.

Imposing the Infeasibility constraints at each level separately (before the

configurations of each level are combined), eliminates 41472 configurations bring-

ing the total number down to 13824. The second set of infeasibility constraints,

after the configurations of each level have merged, eliminates a further 5280,

bringing the number down to 8544. Finally, imposing the undesirability con-

straints, 5092 configurations are made inactive, leaving 3452 feasible, desirable

configurations to be further evaluated. With all constraints taken into consider-
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Configurations Total Number % Reduction

All Possible Configurations 55296 -

Infeasible (constraints at each sys-
tem level)

41472 75%

Infeasible (constraints after merg-
ing levels)

5280 38%

Undesirable 5092 60%

Feasible & Desirable
Configurations:

3452 93.7%

Table 8.2: Reduction of configurations due to constraints

ation, the number of configurations was decreased by 93.7%.

From there on, the first stage creates the associated XML record with the de-

tails of each desirable configuration, and generates a CSV file with the respective

bounds of each configuration for optimisation.

8.2 Stage 2 Results

After the first stage of the workflow is completed, the feasible and desirable

configurations are retained for further evaluation. The configurations are first

checked for active and dormant parameters based on the optimisation objec-

tives, and get reduced to a consolidated list for optimisation.

After the optimisation process is complete, the configurations are then eval-

uated using weight and complexity penalties. Furthermore, they are assessed

for cost and change propagation as well as the performance of the models us-

ing simulations.
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8.2.1 Optimisation Cases

After the feasible and desirable configurations have been obtained, the process

for consolidating the list for optimisation purposes begins.

The process was described in Section 4.2.3 while the relevant active and dor-

mant parameters for this case study were shown in Figure 6.6 and Figure 6.7.

Using the active parameters allows the desirable configurations to be re-

duced from 3452 down to just 48 clusters of configurations to be optimised. The

full list of clusters for optimisation is shown in Table 8.3.

LSLNY LSLNN HSLNY HSLNN
LMLNY LMLNN HMLNY HMLNN
LLLNY LLLNN HLLNY HLLNN
LSHNY LSHNN HSHNY HSHNN
LMHNY LMHNN HMHNY HMHNN
LLHNY LLHNN HLHNY HLHNN
LSLWY LSLWN HSLWY HSLWN
LMLWY LMLWN HMLWY HMLWN
LLLWY LLLWN HLLWY HLLWN
LSHWY LSHWN HSHWY HSHWN
LMHWY LMHWN HMHWY HMHWN
LLHWY LLHWN HLHWY HLHWN

Table 8.3: List of all configurations for optimisation

The optimisation IDs presented in Table 8.3 are the initials for each option

for each active parameter. For example, LSLNY stands for (L)ow aspect ratio,

(S)hort span, (L)ow Sweep Angle, (N)arrow Body and (Y)es to the presence of a

centre tank. Any other configuration that shares those options will also share

the same optimisation results.
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8.2.2 Optimisation Results

All of the clusters presented in Table 8.3 are processed through the optimisa-

tion step. When the process concludes, the results can be visualised using par-

allel coordinates. Initially, the two extreme optimisation clusters, LSLNY and

HLHWY are plotted as shown in Figure 8.1 with green and blue polylines re-

spectively.

Figure 8.1: Optimisation results for LSLNY (green) and HLHWY (blue)

Some observations can be made immediately. First, the Aspect Ratio for all

solutions is always at the lowest bound for each configuration. This is logical

because for a constant span, the lower the Aspect Ratio value, the larger the

wing area. Therefore, this would result in a bigger wingbox volume and, since

span is constant in this case, it does not affect the length of the vent line and

consequently the surge tank volume.

In order to examine the relationship between span and the two objectives,

the axes of the parallel coordinates graph can be rearranged as required. Fig-

ure 8.2 shows the relationship between Span, Wingbox Volume, and Surge Tank

Volume.
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Figure 8.2: Relationship between span and the two optimisation objectives

The strong correlation between the Span and the two objectives becomes

quite obvious from the Figure 8.2. Furthermore, this can be demonstrated us-

ing scatter plots, such as the one shown in Figure 8.3. The size of the points in

the scatterplot are dependent on the size of the surge tank volume. Besides the

wingbox volume, the surge tank volume also increases with span; this demon-

strates the trade-off when dealing with competing objectives in multiobjective

optimisation.

Plotting the optimisation objectives between them on a scatter plot allows

the pareto front to be visualised as shown on Figure 8.4. The trade-off between

the two objectives becomes even more evident.

The way that the results have been presented for the two extreme optimisa-

tion clusters can also be used for all configurations as shown in Figure 8.5. Long

Span configurations are presented in blue, Medium Span in black, and Short

Span in green.
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Figure 8.3: Scatter plot for Span versus the Wingbox Volume (relative sizes of the
points indicate relative volume of surge tank)

Figure 8.4: Pareto front for the two extreme optimisation clusters
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Figure 8.5: Parallel Coordinates graph for all optimisation results

8.3 Assessment and Evaluation Results

With just the optimisation results, all the configurations that share the same

Optimisation ID (ie. belong in the same optimisation cluster) would yield the

same results. The results of the optimisation process alone are insufficient for

decision making. Further information is needed, therefore more metrics are

introduced.

8.3.1 Complexity and Weight

Complexity and Weight penalties were introduced to assess and differentiate

the competing configurations; especially in cases where configurations belonged

in the same optimisation cluster. Summing up the penalties for each configura-

tion, using Table 6.5, the results can be plotted again using the parallel coordi-

nates graph.
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Initially, the two extreme optimisation clusters are used to demonstrate the

range of different penalties for different configurations. Figure 8.6 presents the

complexity and weight penalties of all configurations that belong in the optimi-

sation clusters LSLNY (Green) and HLHWY (Blue).

Figure 8.6: Parallel Coordinates graph for Complexity and Weight penalties of
all configurations in the LSLNY and HLHWY optimisation clusters

Using the same approach, the penalties for all configurations can be plot-

ted as shown in Figure 8.7. Furthermore, a scatter plot as shown in Figure 8.8

demonstrates an almost linear correlation correlation between Weight and Com-

plexity penalties.

The penalties and the respective configurations IDs can now be appended to

the results obtained from optimisation. Merging the two sets of data, generates

the full results and non-dominated solutions for wingbox volume, surge tank

volume, complexity penalties, and weight penalties for all desirable configura-

tions. The complete results are presented in Figure 8.9.
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Figure 8.7: Parallel Coordinates graph for Complexity and Weight penalties for
all configurations

Figure 8.8: Scatter plot for Complexity penalties against Weight Penalties
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Using the Parallel Coordinates plot to visualise the full set of results, a range

of adjustments can be made to identify correlations, eliminate configurations,

or highlight different sets. This is why the interactivity of parallel coordinates

makes it a very powerful visualisation tool to assist in design decision-making.

One of the most likely scenarios would be to eliminate configurations that

have high penalties, whether it is weight or complexity. Another elimination

would be configurations that have both a low aspect ratio and a long span; as

this would create an excessively large wing area. Finally, configurations that

lie on the edges of the optimisation objectives can be eliminated. This is done

to avoid extreme cases or risking the violation of constraints due to change in

requirements and/or uncertainty in the data. The different filterings are pre-

sented in Figure 8.10.
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(a) Elimination of configurations with high complexity and high weight

(b) Elimination of configurations with Low aspect ratio and Long span

(c) Elimination of configurations with Small wingbox volume and Large surge tank volume

Figure 8.10: Different filtering applied to the full results
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8.3.2 Performance

In order to assess the performance of the venting and inerting system, differ-

ent scenarios were considered. Using configuration LSLNA21Y0NYBN, a maxi-

mum decent case was considered in order to demonstrate the performance of

the two systems and compare it to a normal descend scenario. Configuration

HLHWA23Y0NYBN on the other hand was used to evaluate the venting system

in a maximum refuelling rate case.

Starting with the first configuration the venting and inerting systems were

evaluated for the two descent cases using the data shown in Figure 6.13 and Fig-

ure 6.14. The venting system needs to be able to handle the large flow of air out

of the tank ullages in order to avoid pressurisation of the tanks; the tanks are as-

sumed to be empty. Figure 8.11 shows a comparison between the atmospheric

pressure and the tank pressures over time for normal descend.

Figure 8.11: Pressure over time comparison for normal descend
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Figure 8.11 shows that all lines overlap therefore at any given time the tank

pressures equal the atmospheric pressure. This means that the venting lines can

handle the air flow fast enough in order to avoid the tanks being pressurised. If

there was a delay in the tank pressures reaching the atmospheric pressure that

would mean that the tanks are becoming pressurised since the venting lines

can’t manage the airflow fast enough; in which case, a larger-diameter pipe

would be required.

When the maximum descend case is considered, as shown in Figure 8.12, the

pressures seem to be equal between the atmosphere and the tanks.

Figure 8.12: Pressure over time comparison for maximum descend case

However upon closer inspection during the maximum descend rate interval

there seems to be an offset between the pressures as shown in Figure 8.13.

Even though the difference is not substantial, it does show that there is a

delay in equalising the pressure between the tanks and the atmosphere; the de-
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Figure 8.13: Pressure difference for maximum descend rate interval

lay is approximately 3.5 seconds. This causes minor pressurisation in the tanks

but as soon as the rate of descend decreases, the pressures are equalised almost

immediately.

There is also a difference between the wing tank pressures and the centre

tank pressure. This is due to the centre tank having an additional flow of air due

to the inerting system operating at maximum rate.

The inerting system needs to be able to maintain low levels of oxygen in the

centre tank. During the rapid descent case this becomes challenging as a large

portion of the injected air will be flowing out of the tank. Figure 8.14 shows the

nitrogen concentration % in the centre tank for a normal descend case and for

the maximum descend case.

As expected, in a maximum descend case, the inerting system takes a longer

time to reach a 95% nitrogen concentration in the centre tank. In a normal de-
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Figure 8.14: Nitrogen concentration in centre tank for the two scenarios

scend case the tank reaches a 95% nitrogen concentration at 561 seconds while

in the maximum descend the 95% is reached at 705 seconds; a difference of

more than 2 minutes.

However, since a tank is considered as inert if the oxygen concentration is

less than 12%, the difference between the two cases for reaching 88% in Nitro-

gen concentration is only 4 seconds; which is negligible.

The last scenario is the refuelling case as presented in Figure 6.12. Using a

constant refuelling rate of 6000 L/min, each of the tank is filled up to 95%. Figure

8.15 shows the fuel volume over time for the centre tank and one of the wing

tanks; all the wing tanks share the same characteristics, therefore the refuelling

rate is identical.

The aim of the refuelling case is to evaluate if the venting system can handle
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Figure 8.15: Fuel volume over time for the centre tank and a wing tank

the displaced air from the ullage as the tank fills up. Figure 8.16 shows a com-

parison between the ullage pressure of the centre tank and the pressure in the

wing tank; the atmospheric pressure is also visualised for comparison.

The first observation that becomes apparent from Figure 8.16 is the immedi-

ate increase in the ullage pressure as soon as the refuelling begins. That differ-

ence is maintained throughout without increasing which means that the vent-

ing system displaces air fast enough to counterbalance the inflow of fuel. The

pressure difference caused by the initial inflow of fuel is minor; almost negligi-

ble.

As soon as the centre tank is at 95% the inflow valve shuts completely, redi-

recting all fuel flow to the wing tanks. This explains both:

1. The rate increase of fuel volume in Figure 8.15 for the wing tanks.
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Figure 8.16: Ullage pressure over time for the centre tank and a wing tank

2. The initial pressure increase in the wing tanks due to the additional fuel

flow as shown in Figure 8.16.

As soon as the centre tank valve is shut, there is a pressure drop in the ullage

due to air being displaced, without any fuel flowing inwards. However, the pres-

sure can’t yet be equalized with the atmosphere due to the pressure increase in

the ullage of the other tanks. Since they share the same venting line, the higher

pressure of the wing tanks restricts the equalisation of the centre tank.

8.3.3 Change and Cost Propagation

Using the reduced DSM shown in Figure 6.15 and its quantified instances shown

in Figure 6.16 the change propagation can be calculated. For this example, only

four steps of change propagation are considered. Cambridge Advanced Mod-
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eller is utilised at this stage to calculate the combined values for Impact, Like-

lihood, and Risk, as well as to visualise the critical path networks. Figure 8.17

presents the quantified instances of the DSM with values for Combined Likeli-

hood and Combined Impact after four steps of change propagation.

(a) Likelihood/Probability (b) Impact

Figure 8.17: Combined Likelihood and Combined Impact after four steps of
change propagation

To calculate the Combined Risk value, the process is the same with the direct

values; a multiplication between the Likelihood and Impact of each connection.

This results in another quantified DSM with the values of Combined Risk at each

connection.

However, for larger systems, having number in a DSM can get confusing. For

this reason the connections can be colour-coded using rectangles. The width of

the rectangle represents the Likelihood while the height represents the Impact.

Consequently this means that the bigger the area of the rectangle, the higher

the Risk which is also represented in colour codes: Green for low Risk, Yellow for

medium Risk, and Red for high Risk. Both the colour-coded and the numerical

representations are shown in Figure 8.18.

The first thing that becomes apparent by the resulting DSMs is that now
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(a) Colour Coded Risk (b) Numerical Risk

Figure 8.18: Combined Risk

there are connections between elements that were not there previously. This

arises due to indirect propagations, ie changes that pass through intermediate

components.

The Transfer system and the Venting system are affected by most of the other

elements of the system either directly or indirectly. However, they do not af-

fect any element themselves which makes them Absorber elements; that is, ele-

ments that are affected by changes, but do not propagate the change. Absorber

elements can therefore be designed at later stages since any design changes on

them won’t have any effect on other elements. On the same note, since they are

affected by so many other elements, the absorber elements will most probably

have to undergo design changes therefore leaving them for later stages avoids

multiple redesigns.

On the other hand, elements such as the Engines, that affect a lot of other

components but are not affected themselves, are considered change emitters.

The design of such elements should be brought forward so that their design can

be frozen earlier in order to avoid changes propagating at later stages.

Information such as the above, can drastically help the design process of a
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system where a sequential process needs to be followed. Using critical path

networks, the propagation paths between two elements of the system can also

be visualised. Figure 8.19 shows an example of the possible propagation paths

initiating from the Engines and reaching the Transfer System.

Centre
Tank

Engines

Centre
Tank

Fuselage
Width

Transfer
System

Figure 8.19: Change propagation paths from Engines to Transfer System

However, as previously mentioned, change propagation only tells part of the

story. A complete redesign of a cheap element might be a better option than a

partial redesign of a very expensive element. Applying the CP2 method, the cost

associated with each path of propagation can be calculated and visualised.

Using the example from Figure 8.19, there are four propagation paths from

the Engines to the Transfer System. From the top path to the bottom one the

paths are:

1. Indirect (Second order) Through the Fuselage Width

2. Indirect (Third order) Through the Fuselage Width and the Centre Tank

3. Direct (No intermediate elements)

4. Indirect (Second order) Through the Centre Tank
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Using the equations for CP2 the probabilities and costs associated with each

path can be calculated. Using the top path (Number 1) as an example, the path

probability is calculated using Equation 4.1 which is the product of all direct

probabilities between elements. In this case the direct probabilities are between

the Engines and Fuselage width (0.7) and between the Fuselage Width and the

Transfer System. Therefore:

pp1 = 0.7×0.7 = 0.49 (8.1)

Following the same procedure above, the remaining path probabilities are:

pp2 = 0.7×0.8×0.7 = 0.392

pp3 = 0.7

pp4 = 0.3×0.7 = 0.21

The combined probability between the initiating and receiving element has

already been calculated as ”Combined Likelihood” using the CPM method above.

In this example, following the DSM in Figure8.17, the combined Probability is

0.91.

To calculate the associated cost for each path, Equation 4.3 is used where the

total cost of each path is the sum of the cost weights of the elements. Using Table

6.6, for path 1, the costs are: Engines(0.8), Fuselage Width(0.9), and Transfer

System (0.4), Therefore:

pc1 = 0.8+0.9+0.4 = 2.1 (8.2)
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For the remaining paths:

pc2 = 0.8+0.9+0.4+0.4 = 2.5

pc3 = 0.8+0.4 = 1.2

pc5 = 0.8+0.4+0.4 = 1.6

Finally, the aggregate cost between the initiating and receiving element fol-

lowing Equation 4.4:

Ac =
(0.49×2.1)+(0.392×2.5)+(0.7×1.2)+(0.21×1.6)

0.91
= 3.5 (8.3)

Now that all associated values have been calculated, the results can be plot-

ted using parallel coordinates as shown in Figure 8.20.

Figure 8.20: Change Propagation paths between Engines and Transfer system
using Parallel coordinates

Figure 8.20 demonstrates the propagation paths using polylines to indicate

the respective values of each path. The first two axes represent the initiating

and receiving elements, followed by the combined probability and aggregated

cost between the two. Only one line is visible up to here since there is only one
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value for Combined Probability and Aggregated Cost regardless of the number

of paths between two elements. The one line expands however to a number

of lines depending the number of propagation paths, in this case 4. Each line

shows the respective probability and cost value for each path.

Following the process above, all of the values for Path Probability, Path Cost,

and Aggregated Cost can be calculated for any combination of initiating and re-

ceiving elements; the Combined Probability has already been calculated using

CPM. The results are added to the initial parallel coordinates presented in Fig-

ure 8.20 to present all paths of propagations between all elements of the system.

The resulting visualisation is presented in Figure 8.21.

Figure 8.21: Parallel Coordinates graph for Cost and Change propagation of the
whole system

In Figure 8.21 Blue lines represent changes that initiate from an Aircraft Level

element, while green lines represent changes that initiate from a System Level

element. The visualisation comes to reaffirm the fact that most design change
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propagations are initiated by Aircraft Level elements; since there are more blue

lines than green.

Furthermore, the ones that do initiate from an Aircraft Level element have

usually higher Combined Probability and higher Aggregated Costs. Aggregated

values, as mentioned before, might cause important information to be lost. How-

ever, they help in identifying which elements will probably result in higher costs,

so that they can be studied in more detail; by examining each propagation path

originating from them.

8.4 Traceability & Processing of Results

After the workflow has been completed and the final results have been obtained,

the information generated can be further examined. In order to manage the

configurations effectively, the XML records of the desirable configurations needs

to be updated to include the optimisation IDs and the associated penalties. Fig-

ure 8.22 shows the records for the two configurations that were examined in

more detailed.

(a) LSLNA21Y0NYBN (b) HLHWA23Y0NYBN

Figure 8.22: XML Records for the two extreme cases
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The updated XML records the current status of each configuration. Addi-

tionally, they now have the respective penalties included, as well as the optimi-

sation cluster ID for each one. Using the full configuration ID (instead of the

consolidated optimisation one) the respective simulation models and change

propagation data can be traced.

The approach has generated a wealth of information which was presented

in a number of ways. Parallel coordinates were extensively used in order to vi-

sualise multidimensional data in the stages of optimisation, penalties and cost

propagation. The interactivity of Parallel Coordinates allowed for the data to be

manipulated in order to generate useful knowledge.

The optimisation results assisted in identifying the non-dominated variants

for each configuration. Using selection and filtering also allowed for the elim-

ination of excessively high wing area configurations, as well as ones that were

close to the bounds and might be considered as non-robust options. Interactiv-

ity would also allow to explore alternative options in the case where parameter

bounds change, or become more constrained.

However, the optimisation results alone would have been restrictive for a

thorough assessment due to a large number of configurations sharing the same

active design parameters; hence the same optimisation results. The addition

of penalties to the optimisation results, enabled a more detailed assessment of

configurations; especially ones that share common active parameters. Even if

the penalties are entirely empirical, they can be useful for the early stages where

a rapid assessment and elimination is required before moving to more detailed

stages.

In addition to the trade-off studies and comparisons between configura-

tions, each one can be further evaluated individually. Starting by the simula-



154 CHAPTER 8. RESULTS

tion models, the configurations were put through different scenarios in order

to study the performance of major subsystems. Using analytical calculations

for the optimisation and 1D simulations allowed the process to run in a short

amount of time. The simulations can help assess whether a configuration meets

the expected performance requirements, but can also assist in further improv-

ing them. For example, pipe diameters can be reduced in order to reduce their

weight; as long as they can still meet the performance and safety requirements.

Each configuration can be further assessed by examining its sensitivity to de-

sign changes, as well as the associated costs. Using the already established CPM

method, the combined risks can be calculated and visualised using DSMs and

critical path networks. With the newly-developed CP2 the associated costs can

also be calculated, with each of the aggregated and path costs visualised using

parallel coordinates. Configurations that exhibit DSMs with densely populated

connections will result in a higher probability of changes propagating easier

through the system; the costs associated with them also increases depending

on the affected elements.

The pSeven-implemented workflow took 14 minutes to be executed from

start to finish, for all configurations. Considering the number of different stages,

the different programming languages used, and the large number of configura-

tions that were initially considered, the running time was kept short. However

this was primarily due to being a completely analytical process for a high level

view of the overall case study. On the other hand, a number of different areas

have been identified that can improve the efficiency of the process; those areas

are outlined in the final Part of this thesis.
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Chapter 9

Discussion

The aim of this project was to investigate how a thorough design space explo-

ration of complex systems, with high dimensionality, can be carried out in a fast

and computationally efficient process. At the same time, the desirability and

feasibility of the configurations that are selected and matured during the pro-

cess, needs to be ensured. This task becomes even more challenging for the

early stages of design where a higher degree of uncertainty is present and the

design space is less constrained.

These challenges gave rise to a number of research questions that this work

aimed at addressing, as presented in Part I of this thesis. In order to answer

those questions sufficiently, and address the problem stated, certain aims and

objectives were set.

The first stage of this project was to carry out a thorough literature review

on the, initially two, main areas of interest: Set-Based Design and optimisation

methods. The background research presented the origins and latest develop-

ments in the respective fields, but also identified gaps in literature. Further-

more, investigating the two areas in depth allowed for a cross comparison be-

157
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tween them, outlining their main differences, but also identifying how they can

be integrated in a unified process where they can complement each other.

During the literature review and background research on Set-Based Design

and optimisation, a number of additional areas, that were deemed worthy of

further exploration were identified. Numerous tools used for engineering de-

sign were assessed with DSMs being the more applicable and more useful to

this project. Not only were they used for modelling the network and the con-

nectivity between the elements of the system at hand, but also for modelling,

predicting, and calculating engineering change propagations.

On the topic of predicting how changes propagate through a system, the dif-

ferent methods previously developed were examined. Even though CPM was

deemed as the most useful one for this work, there was the limitation that cost

was not considered. Therefore a new method was developed, CP2, that takes

into consideration the cost weight of each element.

Integrating all of the above would result in generating large sets of data and

information which posed two issues. The first is how can the information gen-

erated be presented and visualised in a meaningful way to the relevant user. A

range of different visualisation tools were considered, depending on the type of

data that required to be visualised. DSMs proved to be suitable for modelling

the network of the system as well as the CPM results. Furthermore, the results

that arise from CPM also employed critical path networks to show the change

propagation paths. Scatter plots were initially considered for visualising trade-

offs between two sets of data such as in the case of a pareto front. However

since most of the applications studied dealt with multidimensional data, paral-

lel coordinates was deemed as the most suitable method. Parallel coordinates

were therefore employed not only to visualise the results arising from optimisa-
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tion but also as part of CP2 to visualise the associated costs with each path of a

change propagating through the system.

The second issue arising from the large data generation is with regards to

storing, managing, and tracing the resulting information. Since the approach

aimed at being tool independent, XML and CSV files were selected as the most

appropriate filetypes for storing data. The reasoning behind it is that they are

platform and interface agnostic and, with regards to the XML files, they are both

machine and human readable.

All of the above areas were integrated into the ADOPT architectural frame-

work. As the acronym suggests, Augmented set-based Design and OPTimisa-

tion, the framework is built on a, newly-developed, modified and improved SBD

approach while also incorporating optimisation tools. Furthermore, ADOPT

makes use of a number of engineering design tools, change propagation meth-

ods with associated costs, and varying visualisation tools.

The SBD approach was enhanced by a number of ways. The conversion of

continuous parameters to discrete, enables the generation of a finite number of

possible configurations. Instead of selecting which configurations to be evalu-

ated, ADOPT uses an elimination approach initially. The imposition of infea-

sibility and undesirability constraints, allows for discretised areas of the design

space (ie. the configurations) to be entirely discarded.

The optimisation process within ADOPT, assists in finding the optimum de-

sign of each configuration within their respective design-space area. In the case

of competing objectives in multiobjective optimisation, it provides a number

of non-dominated alternatives. One of the important steps that ADOPT uses,

is the identification of active and dormant parameters. The process allows to

identify which parameters have an effect on the optimisation objectives (active
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parameters) and which ones do not (dormant parameters). As a result, config-

urations that share the same active parameters, and only differ in dormant pa-

rameters, will yield the same optimisation results and will be placed in the same

optimisation cluster. Therefore, not all the configurations have to be optimised;

instead, only the ones that will produce unique results need to be considered

for this stage.

The steps described above, provide the answers to the first two research

questions posed in Part I of this thesis. Fragmenting the design space, created a

finite number of areas, which translates to configurations. This ensures that all

possible configurations can be considered, allowing for a thorough exploration

of the design space. The inclusion of undesirability and infeasibility constraints,

eliminated unwanted areas, making the process faster, and more efficient; since

computational power was not wasted on exploring undesirable areas.

Optimising the configurations within the bounds of their respective design

space areas, ensures that the configurations that result from each area are the

optimum, or non-dominated ones. Furthermore, optimising only the areas that

generate unique results, and not all the areas, made the process even more effi-

cient both in terms of time and computational power utilisation.

The introduction of penalties for metrics such as weight and complexity add

a further measurement of desirability of each configuration. They also assisted

in differentiating the configurations that shared the same optimisation results.

Furthermore, additional performance metrics with regards to the systems per-

formance, provided information as to whether or not the configuration that is

being considered can meet the expected performance requirements.

Each configuration was also assessed as to its sensitivity to design changes.

Using CPM, the resulting DSMs can provide information about which elements
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of the system are most likely to cause further changes (propagation), but also

identify elements that can absorb them without any further impact. The CPM

approach was preferred to the C-FAR in order to avoid the high computational

costs due to the large number of matrix and vector multiplications required.

The inclusion of CP2 also provides a metric as to how costly each propagation

path will be. Integrating CPM with CP2 addresses research question 4.

The optimisation results, along with the change and cost propagation, com-

plexity and weight penalties, and the performance metrics, provide the user

/ designer with a large amount of information that acts as a design decision-

making mechanism. Different visulisation methods are employed for each set

of results depending on their dimensionality, size, and nature of the set. This

allows designers and the people involved in the design process, to extract useful

information, as required, using visualisation methods that are useful to them or

the process itself. The relevant data can then be used from the respective in-

terested parties depending on which aspect of the design process they are con-

cerned with. To address research question number 5, the kind of data required

depends on the task and process at hand. However, the wealth of information

generated along with the use of the appropriate visualisation tools, ensures the

availability of said data to the respective party while presented in a meaningful

way.

The storage, management and traceability of information is a critical aspect

of the framework not only for the system that is being designed at the time but

also for future projects. To address research question number 6, the knowledge

that has been generated during the design of a system, can be used in future

projects in order to reduce the time of the design process. By avoiding previ-

ously explored areas, and making use of results that have already been gener-
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ated, allows future projects to focus entirely on new areas. Furthermore, previ-

ous configurations that were deemed as undesirable due to manufacturing or

other limitations, might be re-examined and explored in the future, when the

required technological capability has been achieved.

Finally, to address the remaining research question, number 3, a combina-

tion of all of the above is required. The use of interactive parallel coordinates

to eliminate or filter selections, allows to identify which configurations would

remain feasible in the case where there is a change in design parameters or

requirements. Furthermore, the SBD approach and the non-dominated solu-

tions arising from the optimisation process, ensure that there are always backup

configurations available at every stage of the design process. The inclusion

of knowledge-based undesirability and infeasibility constraints allows for the

elimination of any configurations that are known beforehand to produce unde-

sirable or non-robust results. Using CPM and CP2, can provide further insight

on which configurations are more susceptible and costly when considering en-

gineering design changes.

The research questions that have been arisen from the problem statement

have all been addressed. Given the assumptions that were previously presented,

a brief overview of the proposed solutions to each one is presented in Table 9.1.

Addressing all of the research questions translates to successfully satisfying

the aims and objectives that were set out for this project. The integration of the

two major areas, which was the primary aim of this work, into a unified method-

ology formed the backbone of the ADOPT architectural framework. From there

on, ADOPT was further developed to make it more efficient, faster, and with

added capabilities. However, in order for the benefits of the framework to be

validated, it had to be applied to a case study.
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Research Question Proposed Solution

RQ1: How can a thorough and detailed
exploration of the design space of a
complex system take place in a fast and
computationally efficient way?

Fragmenting the design space by dis-
cretising continuous parameters. Gen-
eration of configurations using a Set-
Based approach. Elimination of infeasi-
ble or undesirable areas. Optimisation
of each area that will produce unique
results.

RQ2: How can the optimality of the se-
lected configurations be ensured?

Optimisation of each configuration
within the bounds of its respective
design space area. Generation of
non-dominated solutions

RQ3: How can the robustness and feasi-
bility of the selected configurations be
ensured when requirements or design
parameters change, during the design
process?

Interactive parallel coordinates for
filtering and selection. Alterna-
tive/Backup configurations from
SBD and alternative non-dominated
designs due to optimisation.

RQ4: How can the sensitivity of the
system to the propagation of design
changes, and the cost associated with it,
be predicted and evaluated?

Integration of CPM and CP2

RQ5: How can the data required for de-
sign decision making be visualised in a
meaningful way?

Parallel coordinates for optimisation
results with complexity penalties and
for cost propagation, DSMs and crit-
ical path networks for change and
cost propagation, simulation models
for performance metrics.

RQ6: How can the knowledge acquired
be utilised in future projects?

Storage, management, and traceabil-
ity of information generated. Future
projects can avoid re-evaluation of pre-
viously visited areas, and can focus on
exploring areas that were previously
undesirable due to lack of technological
capabilities or otherwise.

Table 9.1: Proposed solutions to the research questions
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The design of an aircraft fuel system was used as a case study to demon-

strate how the ADOPT architectural framework can be configured and adapted

to the design of a system. The process and methodologies outlined in Part II

of this Thesis, along with domain-specific tools and design inputs as presented

in part III were used to set up the case study. The process was able to gener-

ate a wealth of information for design decision-making in a short amount of

time as presented in the final chapter of Part III. By bringing the design of a

domain-specific system, such as the fuel system, early in the design process, al-

lows for the identification and consideration of novel configurations with other

domains. Furthermore, it can eliminate configurations that are infeasible or

incompatible with other disciplines, which assists in avoiding design changes

later in the design process.

Using the discretisation approach and generating all possible combinations,

resulted in a total number of 55296 unique configurations. Imposing the sets of

constraints allowed the configurations to be reduced by 93.7% which comes to

show the benefit of the constraints in early stages. The generation and elimina-

tion of configurations at this stage, and the generation of the initial XML record

with respective configuration IDs and properties, took less than half a minute

to be completed.

Optimising the remaining 3452 desirable configurations would still require a

prohibitively long amount of time even for analytical evaluations. The identifi-

cation of active and dormant parameters helped to identify the configurations

that would yield unique optimisation results; a further reduction of 98.6%, down

to just 48 configurations to be optimised.

Visualising the optimisation results using parallel coordinates, presents how

the configurations compare against each other. It also demonstrates the trade-
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off between the optimisation objectives as well as the high correlation between

the wing span and the two objectives. Scatter plots help in better visualisation

of the pareto front arising from the non-dominated solutions of each configu-

ration.

The introduction of complexity and weight penalties, allows for an addi-

tional measurement metric, especially when considering configurations that

share the same optimisation results. Adding the penalties to the optimisation

results enables a full visualisation of all desirable configurations. Using selec-

tion and filtering can check the configurations for robustness as well as elimi-

nating results that do not satisfy certain requirements.

Besides the trade-off studies that are performed using the above metrics,

each configuration can be further evaluated on its own. The integration of CPM

and CP2 calculates the combined risk of change propagation, as well as the po-

tential cost of each propagation path. Not only this can assist in identifying

sensitive configurations with high risks and costs, it can also help in the design

process by sequencing which components are to be designed first.

The fuel system of an aircraft needs to fulfil some essential performance cri-

teria. One of them is for the venting line to be able to handle the large mass

flow rate of air in and out the tanks in extreme conditions. The use of 1D mod-

els allows for a rapid evaluation of the performance and check if the configu-

ration meets the performance requirements. Furthermore, simulation models

can help identify areas for potential improvement, such as weight minimisation

due to the reduction of pipe diameters.

The status and results of configurations are stored in an XML file that makes

it easy to access and is readable both by machines and humans. Tracing the

status of configurations, can provide useful information in future projects as
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to which ones did not perform as expected, or which ones were not previously

evaluated due to technological constraints.

The computational implementation of ADOPT was adapted to the case study

in consideration. In order to apply the implementation for the design of other

systems a number of things need to be modified. The design parameters, dis-

cretisation ranges, infeasibility and undesirability constraints, active and dor-

mant parameters, and optimisation objectives, were all explicitly defined in their

respective scripts and blocks. Therefore to generalise the implementation there

are two approaches:

• Explicitly define each of the aforementioned inputs to fit the requirements

of the desired case study (fully automated approach)

• Keep the human in the loop by removing full automation. Ask the user to

provide the necessary inputs at each stage.

Keeping the human in the loop is another important aspect that needs to

be considered regardless of the implementation approach. Important decisions

should involve the relevant parties due to their ability to bring expert judgement

in the process. In the case of ADOPT, the discretisation of continuous parame-

ters, the identification of active and dormant parameters, and most importantly

the reduction of the design space, are stages that should involve human inter-

action.

The implementation of ADOPT for the case of designing an aircraft fuel sys-

tem demonstrated the benefits that were expected and previously outlined. How-

ever a number of potential limitations and drawbacks of the framework were

identified:
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1. Even for a case study such as the one presented, with less than 20 design

parameters, the number of possible combinations is quite large. Each op-

tion added, even for one design parameter, increases the number of possi-

ble configurations substantially. When dealing with multiple hierarchical

levels of a system, and multiple disciplines, this can lead to an unmanage-

able number of configurations. The imposition of constraints would also

be challenging due to the multidisciplinary and multi-level nature of such

systems.

2. The large generation of data might pose difficulties in storing and/or vi-

sualising them. Computational tools for parallel coordinates, struggled to

plot the results generated from the case study that was presented.

3. At this stage, ADOPT does not have an integrated requirements manage-

ment process. When dealing with more complex multidisciplinary sys-

tems, such a process is critical in order to keep track of requirements. This

becomes even more vital in long design processes where requirements

might change with time. Furthermore there is no information exchange

method defined between disciplines.

4. The discretisation of continuous parameters poses an important trade-off.

The more discrete values a range is divided into, the more thorough the

exploration will be and the constraints can be more accurate. However

this increases the complexity, due to the increase in the number of options,

and would lead to the issues described in point number 1.

5. Crisp sets in discretisation might lead to loss of potentially desirable con-

figurations due to constraints. For example, generally a high aspect ratio
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and a short wing span would yield a relatively small wing area and that

would be undesirable in most cases. However, the values closer to the

lower bound of a high aspect ratio, and the values close to the upper bound

of a short wing span, might yield desirable configurations.

6. With larger systems that include substantially more design parameters,

using the case identification method that was outlined in this work would

be counterproductive as it would generate excessively long IDs. Even if

they would theoretically still be human-readable, they would not be prac-

tical. In such cases a machine-generated and machine-readable approach

would be the most logical.

7. When dealing with simple systems both in terms of number of elements,

and number of options for each design parameter, a point-based approach

might be more suitable. This is also the case when dealing with systems

that do not have a multidimensional design space, or if the design space

is highly constrained. Using a Set-Based approach in such cases, would

unnecessarily require more upfront resources, and would not be able to

fully exploit the potential benefits of the approach. In general, systems

that have design options with limited flexibility, might be more suited for

a point-based approach.

Resulting from the work presented in this thesis is a novel methodology for

the early stages of designing complex systems. A methodology that provides a

thorough exploration of the system’s design space while utilising the computa-

tional power available in an efficient way. All of the above limitations and draw-

backs do not subtract from the novelty, usability, and adaptability of the ADOPT

architectural framework and the work presented. Instead, they demonstrate



169

that there are still a lot of areas that can be further developed and improved.

The framework should be seen as the foundations, on top of which further re-

search can be undertaken; not only just to improve the framework but also for

adapting it for ad hoc purposes.
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Chapter 10

Future Work

10.1 Introduction

As previously stated, the work presented in this thesis, serves as the foundations

for future research. During this work a number of areas for further improvement

or for new developments have been identified. This chapter presents a num-

ber of proposals for future work; the first section addresses further improve-

ments and additions to the framework itself while the second section deals with

the case study and application areas. Furthermore, the proposals presented

here aim at addressing and resolving the limitations and drawbacks that were

previously outlined. It is expected that implementing the following propos-

als will improve the scalability and management of the framework while the

case study recommendations will help validate the potential benefits of the im-

proved framework

171
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10.2 Framework Improvement

One of the limitations of the current state of the framework is the lack of a re-

quirements management process and a formal method of exchanging infor-

mation between disciplines. The inclusion and implementation of a Model-

Based Systems Engineering (MBSE) approach would resolve both those issues

and drastically improve the scalability of the framework [122, 123]. Implement-

ing the MBSE methodology, will enable the identification and traceability of

the system’s and subsystems’ requirements, as well as facilitate the information

exchange and collaboration between disciplines. Such a development would

drastically improve the framework as it will offer a method to manage the pro-

cesses within it and provide support for analysis and design activities. Further-

more, the information exchange will allow designers to request the information

that is useful to them in the format and method required; this will ensure that

only the requested data are transmitted and visualised.

At the current state of the framework, the configurations are being gener-

ated, optimised and assessed sequentially; which for analytical evaluations of

this scale does not pose an issue. However as the framework is scaled for larger

and more complex problems, it will be critical for it be parallelised. By hav-

ing a number of configurations being evaluated concurrently, it will allow the

workflow to be completed in a much shorter time and make better use of mod-

ern computational processing capabilities. Such a parallelisation could be im-

plemented using Graphics Processing Units (GPUs) instead of the conventional

way of using exclusively CPU clusters. Even though underpowered when com-

pared to CPU cores, GPUs offer thousands of logical cores that can run in par-

allel. Furthermore, a cluster of CPUs would not only offer a fraction of parallel
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threads for computation, it will probably cost substantially more than a con-

sumer GPU. It has been proven that, depending on the application case, GPUs

can offer substantial time savings for parallel applications when compared to

a CPU-based approach of equal costs [124, 125, 126]. However, CPUs are still

the prevailing solution for computationally expensive problems which is why a

hybrid approach would be more beneficial: A GPU-based parallel evaluation for

the early stages where thousands of analytical calculations take place, and grad-

ually moving to a CPU-based evaluation for later stages where only a handful of

configurations are considered with more expensive simulations taking place.

The early stages of designing a system, encompasses a large number of un-

certainties that can have a critical impact on the robustness of the configura-

tions. There is need to ensure that the feasibility and performance of the system

is not compromised due to variations and uncertainties and be able to obtain

the target values for performance [127]. Uncertainty quantification and man-

agement has been a topic of interest in the aerospace industry and a number

of industrial research studies have been undertaken to study the effects of un-

certainty [128, 129]. The ability to manage uncertainties in early design stages

can ensure the feasibility and manufacturability of the final product even if that

has to go through design changes; especially design changes that can propagate

through the whole system. There are two main categories of uncertainty: the

aleatory (random), and the epistemic (subjective). How uncertainty propagates

is also an area of interest, with a number of modelling methods such as the Poly-

nomial Chaos Expansion, Full Factorial Numerical Integration etc. [130]. Due to

the nature of the Set-Based Design approach that ADOPT incorporates the ini-

tial designs usually contain a high degree of uncertainty. The ability therefore to

quantify and manage uncertainty, as well as its propagation, is something that
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needs to be implemented in ADOPT. This will further ensure the robustness of

configurations even if requirements change later in the product development

process.

One of the framework processes that caused a number of limitations and

drawbacks was the approach used for the discretisation of continuous param-

eters and the potential loss of configurations due to constraints. The reason

behind this is the use of crisp sets for the ranges arising from the discretisation.

In crisp sets a value can either be a member of the set or not; in other words,

the membership degree is binary, either yes or no (1 or 0). For example, in the

case study presented in this work, a 44-meter wing span is considered ”Short”

(1 membership in short, 0 in Medium and 0 in Long) even though it is very close

to the medium range. Introducing fuzzy sets instead of crisp sets would remove

this limitation and provide a number of further benefits [131]. Whereas in crisp

sets, a value’s membership degree can either be 0 or 1, in fuzzy sets the value

can have a membership degree of anything between 0 and 1 using distribu-

tions (Gaussian, triangular, etc.). Furthermore, fuzzy sets allow memberships

in more than one range. By using fuzzy sets the uncertainty accompanying how

each person perceives what is ”short” and what ”medium” is (in the case of wing

span for example) is also captured. From there on, the constraints can also be

adapted by using fuzzy logic and various membership functions. Fuzzy logic

has two types, 1 and 2; Type-2 also captures the uncertainty (or fuzziness) of

the membership itself [132]. Figure 10.1 demonstrates the difference between

a crisp set and the two types of fuzzy sets. Fuzzy sets can also be introduced in

CPM and CP2 in order to capture the uncertainty due to experts judgement for

probability, impact, and cost; instead of using crisp values.

The final area for improving the framework is with regards to the storage and
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Figure 10.1: Comparison between different types of membership functions

traceability of the generated configurations. As previously mentioned, the ap-

proach used for assigning identification strings to configurations would not be

applicable to larger systems; this would entail more design parameters hence

longer strings. To resolve this a machine-generated and machine-readable iden-

tification needs to be defined and used. Furthermore, new filetypes for storing

large amounts of data such as the HDF are constantly being developed. These

can offer a better alternative to XML files for storing the configuration data and

respective results.

10.3 Proposed Case Study Enhancements

The appropriate case study, or application area, is necessary in order to demon-

strate the potential benefits and process of any kind of newly developed method-

ology. The case study presented as part of this work was sufficient to demon-

strate those aspects for this stage of the architectural framework. However, when

the framework improvements mentioned above are implemented, a more de-

tailed and extensive case study will be required.

The most important area that needs to be validated is the scalability of the

framework. In order to assess that, a larger, more complex, and more detailed
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case study is required. Assuming that the one presented in this work is used as

the baseline, a number of improvements can be made. The first is to increase

the size of the system by introducing more levels; more than the system level

and the aircraft geometry. The new levels can go, for example, down to the com-

ponent level of the fuel subsystems. Additional levels of the same hierarchy can

be introduced, such as the hydraulic or flight control systems.

Optimisation of the fuel system itself is another aspect that can be taken into

consideration. From the network and sizing of the pipes, to the geometry of the

tanks, a number of aspects can be tuned to improve the performance of the

system; they can also provide savings in terms of weight, cost and complexity.

On the topic of the fuel system assessment, a major area when evaluating

the performance of such a system, is the thermal analysis of it. The temperature

of the fuel needs to be maintained within a certain range; higher than the flash

point creates a risk of combustion and lower than the water freezing point cre-

ates a risk of ice formation. This is a very complex and crucial area due to the

different types of heat exchanges taking place between the fuel subsystems and

the surrounding environment, including other systems.

Due to the large thermal capacity of jet fuel (approx 2000J/(kgK) at room

temperature) [133], on board fuel has been used as a heat sink for cooling of

other systems. Research on using Fuel as a Heat Sink (FaHS) has been an area

of research for many years going back to 1973 [134]. Using FaHS can enable

better thermal management of the aircraft. Not only it allows for waste heat to

be removed from other sources, it also allows the fuel to warm up which can be

beneficial in order to avoid freezing conditions, given that it doesn’t exceed the

flammability limits. Examples of waste heat sources are: the engine oil system,

hydraulics and electrical generators.
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Two major approaches to using FaHS have been researched. The first is by

using a passive cooling approach, where the hot fluid is guided in pipes through

the fuel tanks where it is cooled. Even though this approach is very efficient, it

poses major safety risks. Having a hot component in a fuel tank is prohibitive,

and there is also the possibility of oil leaks in the tank. Using such a concept also

wouldn’t allow for a good heat distribution in the tank. The second one, which

is widely used, is the case of an open fuel loop where instead of bringing the

heat to the fuel tank, fuel is directed to the heat source. This is accomplished

by pumping fuel out the tank, passing it through a heat exchanger with the hot

liquid (i.e. engine oil), and then returning the fuel to the tank. By pumping

fuel from the lower part of the tank, where the liquid temperature tends to be

lower, and returning it to a higher level warmer, ensures a good heat distribution

within the tank. It also makes the cooling process in the heat exchanger more

efficient while ram air can also be used to cool the heat exchanger. Improving

the overall performance of heat exchangers is also a research area of interest

[135].

A number of additional optimisation objectives and performance metrics

need to be introduced in order to provide a more detailed evaluation of the con-

figurations. Additional disciplines need to be considered in the process such as

the aerodynamic performance and structural analysis. In the case study pre-

sented the aspect ratio was constantly close to the lower bound, which pro-

vided a larger wingbox volume without affecting the surge tank volume. How-

ever, the aspect ratio has a critical impact on the lift and aeroelasticity of the

wing. Therefore additional trade-offs will arise as new objectives are being in-

troduced. Furthermore, structural and aerodynamic simulations using Compu-

tational Fluid Dynamics, tend to be very expensive; depending on the approach
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used. Therefore an appropriate management of computational power becomes

crucial. Cheap and analytical simulations can be used in the early stages due to

the large number of configurations considered, whereas more detailed numeri-

cal simulations can take place at later stages for a more detailed evaluation and

assessment.

Finally, it is the author’s opinion that the framework should also be applied to

the design of an entirely different system. Not just moving away from aerospace

and aircraft systems, but from physical systems altogether. Applying ADOPT

to the design of an organisational system, for example, will further solidify its

adaptability to the design of any kind of system in consideration.
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Conclusion

As the design of systems has been relying more and more on computational

methods, new approaches need to be developed in order to take advantage of

the increase in processing power. The new approaches need to be able to per-

form a thorough design space exploration in a computationally efficient way.

At the beginning of the project, the aim was to compare and contrast two ar-

eas that aimed to address that: The Set-Based Design approach and Multidisci-

plinary Design Optimisation tools. Since then, the project has evolved consider-

ably with the outcome being a novel architectural framework which introduces

optimisation tools within an improved Set-Based Design process. The new aims

and objectives were addressed fully which in turn addressed the research ques-

tions and the problem statement.

The ADOPT framework was developed in such a way that allows it to be ap-

plied to the design of any physical system. It is also expected that it can be ex-

panded to the design of any system; physical or not. Furthermore, it introduces

a number of new modifications to the Set-Based Design approach in order to

improve the process.
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The framework takes into consideration the multiple hierarchical levels of

the system by bringing the design of domain-specific subsystems, earlier in the

overall design process. The discretisation of continuous parameters transforms

the design space by fractioning it in a finite number of small areas. A large num-

ber of those areas can then be eliminated by imposing constraints, allowing the

computational power to be directed at areas that are expected to yield desirable

configurations. With the ability to identify the active and dormant design pa-

rameters of the system, the framework can then be used to optimise only the

areas that will yield unique non-dominated results. As configurations are elim-

inated, the computational power is redistributed to the remaining configura-

tions, for more detailed and potentially more computationally expensive simu-

lations.

All of the above enable the framework to be used to perform a thorough de-

sign space exploration with better utilisation of computational power. Further-

more, the inclusion of engineering change prediction methods, and the newly

developed CP2, allow for a more detailed assessment of the sensitivity to design

changes of each configuration.

Different methods and approaches can be used for evaluating and assess-

ing the performance of the configurations. From analytical calculations and

penalties for the early stages where a large number of configurations are still

considered, to numerical simulations for the late stages.

The use of appropriate visualisation methods is critical in cases such as this

where a large amount of data is generated. Presenting the data to the relevant

parties in a meaningful way is essential for the design decision making process.

In addition to that, knowledge generated can be used for future projects to re-

duce the time required to reach the trade-off stage; this makes the storage, man-
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agement, and traceability of the data another important factor that needs to be

considered.

Applying ADOPT to the design of aircraft fuel systems, presented how the

framework can be adapted to a specific case study. The implementation of it,

and the results generated, demonstrate the benefits of the framework as were

expected, but have also assisted in identifying areas for further improvement.

At this stage, ADOPT offers a very strong proven foundation for future re-

search to be carried out. The areas that have been identified will enable the

framework to overcome any kind of limitations or drawbacks currently present.

Furthermore, the proposed improvements will make ADOPT faster, more effi-

cient, more powerful, and more adaptable.
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Appendix B

AMESim Models

The following table provides a description of the AMESim models used in this

work.

AMESim Model Description

Aircraft Fuel Tank (defined by tables)

Tank orifice for gas flow only

Tank orifice for fluid flow only

Fluid height sensor
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AMESim Model Description

Pneumatic pipe

Pneumatic conversion of signals to Temperature and Pres-

sure

International Standard Atmosphere table

Constant signal

Fixed displacement pump

Conditional Function (X greater than Y)

Aircraft attitude

Gas Mixing pipe

Input from 1D table
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AMESim Model Description

Gas Mixture modulated mass flow source

Direct Connections

Table B.1: Description of AMESim models


