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Abstract

Aligning maritime design schemes with Industry-4.0 and -5.0 trends, this PhD thesis aims

to propel initiatives for developing novel data-driven technologies that cover the full spec-

trum of simulation-driven design optimisation activities by i) improving the efficiency of

design space exploration, ii) reducing the overall computational cost, iii) developing versa-

tile design parameterisation, and iv) integrating human intelligence in the design process.

These objectives are achieved by proposing new novel tools and techniques within paramet-

ric sensitivity analysis (PSA) and feature extraction paradigms to eliminate less significant

towards the designs’ physics and construct geometry-driven, physics-informed and user-

integrated subspaces.

First, a novel intra-sensitivity concept is proposed to study the local behaviour of para-

metric sensitivities and eliminate instabilities - a parameter can be sensitive in certain

local areas of the design space but become insensitive in others. Therefore, the outcome

of intra-sensitivity allows designers to construct viable design spaces for the reliable exe-

cution of PSA. Afterwards, implementation of PSA or intra-sensitivity is expedited with a

new geometric-moment dependent PSA that harnesses the geometric variation in a design

space using geometric moments to measure parametric sensitivities. A shape-supervised

dimension reduction approach is also developed. It extracts a high-level geometry descrip-

tion as a shape signature vector and uses it as a substitute for physics to construct a

physics-informed design subspace. A feature-to-feature learning strategy is also proposed

to create a functionally-active subspace for expediting the construction of surrogate models
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Chapter 0. Abstract

at an off-line stage. For the versatile parameterisation of ship hulls, we developed ShipGAN

using deep convolutional generative adversarial networks, so the resulting parametric mod-

eller is generic with the ability to perform feasible and plausible design modifications for

a large variety of hulls. Finally, we propose a generative and interactive design tool which

aids users during optimisation by guiding the design exploration towards user-centred and

physically optimised designs.
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Chapter 1

Introduction

\ The digital revolution is far

more signi�cant than the

invention of writing or even of

printing. "

Douglas Engelbart

With the rapid technological advancements and worsening environmental conditions,

there has been an evergrowing demand for sustainable and innovative design solutions opti-

mised against safety, performance, reduced cost and enhanced visual aesthetics. A typical

product design process involves a series of nontrivial design phases, among which the con-

ceptual phase is recognised as of foundational and fundamental importance. Designers

need to explore various creative and ingenious alternatives, which are initially executed via

two-dimensional (2D) sketches followed by three-dimensional (3D) computer-aided design

(CAD) models and physical prototypes for validation within designs' functional require-

ments and target customers' preferences. However, this phase can be time-consuming,

especially if the products' functionality, practical validity and visual appearance are all

critical drivers of the design process. This is mainly because the design may be function-

ally optimised but impractical from a useability and manufacturing point of view or does

not meet customers' psychological preference for the product's appearance.
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Chapter 1. Introduction

Therefore, it is essential to have a robust computational design tool to facilitate de-

signers and engineers throughout product development to synthesise a diverse set of design

ideas driven by engineers' performance requirements and designers' perceptions regarding

designs' feasibility and form appearance. More importantly, such a tool will also ensure

economic product development, allowing designers and engineers su�cient time to focus

on its sustainability and environmental, social, and ethical impact. As for many products,

their early stages of development have been identi�ed as the stages most adversely a�ecting

the environment.

The evolution of computational power has enabled designers and engineers to expe-

dite traditional product design with computer-aided design (CAD) tools and physics-

based simulations, which have become indispensable for handling various design problems.

Their involvement throughout this process engenderedsimulation-driven design (SDD),

which involves rapid exploration of parametric design spaces for global optima leading to

shorter product development cycles. Typically, SDD commences with an intuitive design

parametrisation for formulating diverse and rich design/search spaces. These spaces are

explored in conjunction with optimisers and shape modi�cation methods to improve a

baseline design based on certain performance criteria. See Fig.1.1 for the overall work
ow

of a typical SDD pipeline.

For design problems involving free-form shapes, SDD often su�ers from high computa-

tional costs, which are associated mainly with the

1. parametrisation of a baseline design,

2. its physics evaluation [5] and

3. design space exploration.

3



Chapter 1. Introduction

Figure 1.1: Work
ow of typical simulation-driven shape optimisation.
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1.1 E�ective design parameterisation

In parametrisation, such a cost is initially steered by the type of parametrisation con-

ducted and the number of design parameters used. The number of these parameters has

an exponential impact on the overall computational cost, thereby giving rise to the curse

of dimensionality [6]. Compared to low-dimensional design spaces, a high-dimensional

one may increase the drive towards a globally optimal design, but it will be at the ex-

pense of exhaustive exploration resulting in an evaluation of numerous designs involving

computationally demanding simulations. Therefore, a practical parametrisation should be

su�ciently versatile to cover a large spectrum of design possibilities and concise enough

to parametrise all critical features with only a few parameters [7, 8] (see Fig. 1.2 for an

example of a parametric design).

Figure 1.2: An example of parametric design modi�cation of ship hulls.

Therefore, the design parameterisation tasks can be extensively tricky. The quality of

design spaces used in SDD substantially impacts their outcome. These spaces are usually

5
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