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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.

iii



Contents

Abstract

List of Figures

List of Tables
Acknowledgements

1 Introduction

1.1 E ective design parameterisation . . . .. ... ... .......
1.2 Tackling computational complexity . . . . .. ... ... ... ..

1.2.1 Design space dimensionality reduction (DSDR) . . . . . .

1.2.2 Unsupervised (FE) versus supervised (PSA) DSDR

1.3 E cient and intuitive design exploration . . . . ... ... ... ..

2 Novelty

2.1 Overview of proposed approaches . . . . . ... ... ......

2.2 Thesisoutline . . . . . . . . . . .

3 Background

3.1 Design parametrisation. . . . . .. .. ... . 0o
3.1.1 Designspace . ... ... ... ..

3.2 Parametric sensitivity analysis . . . . .. ... ...

XXiV

XXViii



Contents

3.2.1 Variance-based analysis . . ... .. ... ... ... .. .. ... .. 26
3.2.2 Active subspacemethod . . . .. ... ... ... ... ... 26
3.2.3 Regional sensitivity analysis . . . . .. .. ... ... ... .. ..., 27
3.2.4 Computational complexity in PSA . . . . .. .. .. ... ...... 28
3.2.5 Instabilitiesin PSA . . . . ... 29
3.3 Feature Extraction . . . . . . . . . . . e 30

4 Intra-sensitivity: Understanding local behaviour of parametric sensitiv-

ities 32
4.1 Introduction . . . . . . ... 32
4.2 Problem formulation . . . . ... ... 34
4.2.1 Active subspacemethod . . . . .. .. ... ... .. ... .. ... 34
4.2.2 Quantifying Intra-Sensitivity . . . . .. ... ... ... oL, 37
4.2.3 Tackling the computational complexity . . . .. ... ... ... .. 40
4.2.4 Design parametrisation of free-formshapes . .. ... ... .. ... 48
4.2.5 Assessing the impact of sensitive parameters on geometry . . . . .. 53
4.3 Results and discussion . . . . ... 55
4.3.1 Experimental conguration . .. .. .. .. .. .. ... ...... 56
4.3.2 Sensitivity analysis of hull parametrised with PD . . . . . .. .. .. 57
4.3.3 Sensitivity analyses of hull parameterised with FFD . . . . . . . .. 70

4.3.4 Impact of sensitive and intra-sensitive parameters of FFD and PD

ONgeOMELIY . . . . . . o e e e e 74

4.3.5 Optimisation . . . . . . . . . 77
4.3.6 Comparative studies . . . . . . . . ... 80

4.4 Conclusions and future works . . . . . . ... ... oL 83

5 Geometric moment-dependent global sensitivity analysis without simu-
lation data 87
5.1 Introduction. . . . . . . . . . e e 87



Contents

5.1.1 Geometric moments in design and analysis . ... .......... 91
5.2 Geometric moment-dependent sensitivity analysis . . . . . . . ... ... .. 93
5.2.1 Problem formulation . . . . ... ... ... o 93
5.2.2 Geometricmoments . . . . . ... ... 94
5.2.3 Global sensitivity analysis . . . . . .. ... ... ... ... 99
5.2.4 Sensitivity analysis of multivariate output . . . . .. .. .. ... .. 103
5.2.5 Selection of sensitive parameters . . . . .. .. ... ... ... 107
5.3 Testcases . . . . . . . . 108
5.3.1 Relation of moments with wave resistance coecient . . . . . . . .. 108
5.3.2 Parametric modellers. . . . . .. ... ... 110
5.3.3 Hydrodynamic solverandsetup . . . . . ... ... ... ....... 115
5.4 Results and discussion . . . . . ... 116
5.4.1 Moment Evaluation . . .. ... ... ... ... . ... .. ... 117
5.4.2 Sensitivity Analysis of PD hull model . . . .. ... ... ...... 117
5.4.3 Sensitivity analysis for shape with simple geometry . . . . . . .. .. 128
5.4.4 Sensitivity analysis of DTMB hull model . . . . .. ... ....... 129
5.4.5 Composite geometric moment invariants . . . . . ... ... ... .. 131
5.4.6 Selection of SSV's order to commence SA . . . . .. ... ... ... 135
5.4.7 Summary of sensitivity results . . . . ... ... .. L L. 135
5.4.8 Shape optimisation . . . . .. .. .. ... .. ... .. 137
549 Computationalcost . ... ... ... ... ... . ... . .. ..., 145

5.4.10 Limitation of geometric moment invariants for sensitivity analysis . 145

5.5 Conclusion and future works . . . . . . . ... L L L 147
6 Shape-supervised dimension reduction 149
6.1 Introduction. . . . . . . . . ... e e 149
6.1.1 Objective and contribution . . . . . ... ... ... ......... 150
6.1.2 Overview of the proposed approach. . . . .. ... ... ....... 153

Vi



Contents

6.1.3 Relatedworks. . . . ... .. ... .. ... 154
6.2 Proposed approach . . . . . . . . . ... 155
6.2.1 Problem formulation . . . . ... ... ... .. 155
6.2.2 Design space dimensionality reduction . . . . ... ... ... .... 156
6.2.3 Karhunen-Laeve expansion of SSV . . . . . ... ... ... L. 158
6.2.4 Additional design space considerations . . . .. ... ... ...... 163
6.3 TestCases . . . . . . . . . e 166
6.4 Results and discussion . . . . . .. ... 168
6.4.1 Evaluation of geometric moment invariants . . . . . ... ... ... 169
6.4.2 Dimensionreduction . . . . . ... ... 169
6.4.3 Shape-supervised DSDR with composite-SSV for the hull model . . 178
6.4.4 Subspace quality analysis (SQA) . . . . . . . ... ... ... 182
6.4.5 Shape optimisation of the hull model . . . . .. .. ... ... .... 187
6.4.6 Computational cost . ... ... ... . ... ... ... ... ..., 192
6.5 Conclusion and future work . . . . . . ... .. L 192
7 Physics-informed feature-to-feature learning 194
7.1 Introduction . . . . . . .. 194
7.2 Proposed methodology . . . . . . . .. ... .. 196
7.2.1 General de nitions and assumptions . . . . . ... ... ... ... 196
7.2.2 Eigendecomposition . . .. .. .. ... .. . e 199
7.2.3 Geometrically-active subspace . . . . ... ... ... ... ...... 201
7.2.4 Functionally-active subspace . . . ... ... ... ... . ..., 204
7.2.5 Surrogate modelling in functionally-active subspace . . . . . . . . .. 206
7.2.6 Optimisation . . . . . .. .. .. ... e 210
7.3 Results and discussion . . . . . .. ... 212
7.3.1 Dimensionality reduction with geometric features . . . . . . . . . .. 215
7.3.2 Dimensionality reduction with functional features . . . . . .. .. .. 217

vii



Contents

7.3.3 Surrogate model training . . . . ... ... . L L oo 225
7.3.4 Optimisation . . . . . . . . . . . 230
7.4 Conclusions & future works . . . . . . .. 236

8 ShipGAN: Deep convolutional generative model for parametric ship de-

sign 238
8.1 Introduction. . . . . . . . . . . 238
8.2 Background on generative adversarial networks . . . .. ... ... ... .. 243
8.2.1 GANs inengineeringdesign . . . . . . .. .. ... ... ... 244
8.3 ShipGAN . . . . . 245
8.3.1 Shapedataset. .. . .. .. ... ... ... 246
8.3.2 Shapeencodingfor GANs . . . ... .. .. ... .. .. .. ..., 250
8.3.3 Preparing geometric data for training . . . . ... ... ... .... 260
8.3.4 Enhancing shape validity and diversity . . . . . . . . ... ... ... 263
8.3.5 Lossfunction . . . ... ... .. ... ... 265
8.4 Experiments: Design synthesis and optimisation . . . ... ... ... ... 270
8.4.1 Design reconstruction . . ... .. ... ... 270
8.4.2 Design validity and diversity . . . . .. .. ... ... ... .. ... 272
8.4.3 Shape optimisation . . . . .. ... ... ... .. ... . 0o 277
8.5 Conclusions and future works . . . . . ... ... L o 284

9 GenYacht: An interactive generative design system for yacht Hull design286

9.1 Introduction. . . . . . . . . .. 286

9.2 Related works . . . . . . . . 288
9.2.1 Interactive design. . . . . . . . . . ... 290
9.2.2 Generative design . . . . . . ... 292

9.3 Method overview . . . . . . . .. 295
9.3.1 Basic terminology and generative design techniques (GDT) . . . .. 295
9.3.2 Interactive design approach . . . . .. ... ... ... ... 300

viii



Contents

9.3.3 User-Interface of GenYacht . . ... ... ... ............ 304
9.4 Results and discussion . . . . . . ... 306
9.4.1 Optimiser selection for GDT . .. .. ... ... ... ........ 308
9.4.2 Validation of GenYacht system . . .. .. ... ... ......... 308
9.4.3 Computational time . . . .. ... .. ... ... ... . ... ... 319
9.4.4 Userstudy . ... ... . . . . . e 323
9.45 Comparisonwith IGA . . . . . . ... ... ... . . . 327
9.5 Conclusions and futureworks . . . . .. ... ... Lo 331
10 Conclusion 332
10.1 Future Work . . . . . . 335
10.1.1 Path to simulation-driven design and manufacturing . . . .. .. .. 335
10.1.2 Al to navigate preliminary designstage . . . .. ... ... .. ... 336
10.1.3 Reuvisiting ship design theory and practice . . . . ... ... ... .. 337
10.1.4 End-to-end system and its adoption to industry . . . . . ... .. .. 337
A Software resulting from the thesis 339
B List of Publications resulting from the thesis 340
B.1 Journal Publications . . . . . . ... ... ... ... 340
B.2 Conference publications . . . .. .. .. ... .. ... .. . . 341
B.3 Conference Talks . . . . . . . . . . . 341
Bibliography 343



List of Figures

11
1.2
1.3

14

2.1
2.2

4.1

4.2
4.3

Work ow of typical simulation-driven shape optimisation. . . . ... .. .. 4
An example of parametric design modi cation of ship hulls. . . . . . .. .. 5
The dimensionality of the original high-dimensional design space (repre-
sented here as a hypercube) can be reduced signi cantly by eliminating the
parameters less sensitive to the physical quantity of interest or by extract-

ing the latent features along which materialise maximum variation in the
geometry. The resulting lower-dimensional space can be used for e cient

design exploration, thereby expediting the optimisation and potentially cut-

ting down the overall computational cost. . . . . .. .. ... ... ..... 7
Requirements for e ective simulation-driven design optimisation. . . . . . . 13
Contribution of thesis towards simulation-driven design optimisation. . . . . 16
Thesis organisation. . . . . . . . . . . . . e 21

Comparison of samples generated using (a) the proposed DPS (Dynamic
Propagation Sampling) and (b) MC (Monte-Carlo) approaches in a 2D de-

sign space over teniterations. . . . . . .. ... L Lo 46
Baseline (parent) ship hull and its segmentation into di erent parts . . . . . 49
Ship-hull parametrisation adopted by the PD-based parametric modeller.
Sensitivity analysis is performed only for the parameters depicted in red

and parameters in green X $; and X ¢,, linearly depend onX 13 and X14. . . 51



List of Figures

4.4

4.5

4.6

4.7

4.8

4.9

Ship-hull parametrisation based on FFD (Free-Form Deformation). Layers

of the lattice cage depicted in red are xed to maintain continuity between

the connecting segments. Moreover, the control points marked in red, purple
and yellow only move in the z-direction, whereas control points in green can
move in all three directions, and blue ones move in x- and y-directions. . . . 52
lllustration of the features saliency mapbetween two free-form surfaces:
original surface (left image), modi ed surface (middle image), the feature
saliency map (right image) with red regions indicating the maximum devi-
ation of the modi ed from the original surface. . .. ... ... ....... 55
PDF (Probability Density Distribution) of r (Volume of Displacement) of
designs sampled from a design space created with (a) PD (Procedural De-
formation) and (b) FFD (Free-Form Deformation). . . . . ... ... .. .. 57
(a) Eigenvalues and (b) Sensitivity indices of all 24 PD (Procedural Defor-
mation) parameters obtained from Eqg. (4.3) and (4.7), respectively, when

r (Volume of Displacement) and Ry (Total Resistance) are used as Qol
(Quantities of Interest). . . . . . . . .. L 59
Convergence plots of sensitive indices and parametric ranking of all 24 PD
parameters for (a)r (Volume of Displacement) and (b) Rt versus the num-

ber of samples over the rst 20 iterations of Algorithm 1 when it is used in
conjunction with DPS (Dynamic Propagation Sampling). . . . .. ... .. 60
2D regional-sensitivity plots of all 24 PD (Procedural Deformation) parame-

ters whenr (Volume of Displacement) is used as Qol (Quantity of Interest)

and the range of each parameter is varied with xed upper and varied lower
limit and vice versa. The parameters highlighted in red are the top most

sensitive parameters. . . . . . ... 62

4.10 3D regional-sensitivity plots of all 24 PD parameters wherr is used as Qol

and the range of each parameter is varied. The parameters highlighted in

red shows the plots of the top most sensitive parameters. . . .. ... ... 63

Xi



List of Figures

4.11 3D regional-sensitivity plots of all 24 PD parameters in case of when the

range of parameter,Xg, is varied. The red highlighted parameters are the

top most sensitive ones. . . . . . . . e 65
4.12 Variational sensitivity plots of all 24 PD (Procedural Deformation) parame-

ters whenr (Volume of Displacement) is used as Qol (Quantity of Interest).

The parameters highlighted in red are the top most sensitive parameters. . 67
4.13 Variational sensitivity plots of all 24 PD parameters whenR+ is used as Qol.

The red highlighted parameters show the plots of the top most sensitive ones. 68
4.14 Intra-sensitivity of all 24 PD (Procedural Deformation) parameters obtained

from Eq. (4.17) whenr (Volume of Displacement) and Ry (Total Resis-

tance) are used as Qol (Quantity of Interest). . . . ... ... ... ..... 69
4.15 Sensitivity, intra-sensitivity and the k-means clustering results of all 104

FFD (Free-Form Deformation) parameters whenr (Volume of Displace-

ment) is used as the Qol (Quantity of Interest): (a) eigenvalues, (b) sen-

sitivity indices, (c) clusters’ mean sensitivity indices of FFD parameters,

(d) variational plot sensitivity plot of parameter Xg31, (€) intra-sensitivity

indices and (f) clusters' mean intra-sensitivity indices. . . . .. ... .. .. 72
4.16 (a) Plot showing the two-sided Hausdor distance E(X)) versus the PD

(Procedural Deformation) parameter values over their entire range; (b) Fea-

ture saliency map of sensitive and intra-sensitive PD parameters of the par-

entshiphull. . ... .. 76
4.17 Feature-saliency map of (a) individual and (b, c) clustered sensitive and

intra-sensitive FFD (Free-Form Deformation) parameters on parent hull form. 78
4.18 Results of optimisation of parent hull performed with PD when the design

space is constructed using all parameters (blue curve), only sensitive param-

eters (red curve), and sensitive along with intra-sensitive parameters (yellow

CUIVE). . o o e e et e e e e e e e 79

Xii



List of Figures

4.19 Comparison between the parent and optimised hulls obtained from (a) 24-,
(b) 8- and (c) 9-dimensional design spaces.. . . . . . .. .. ... ... ... 80
4.20 Plot showing the convergence of: (a) sensitive indices and (b) parametric
ranking of PD parameters forr (Volume of Displacement) versus the num-
ber of samples over the rst 20 iterations of Algorithm 1 when it is used in
conjunction with MC (Monte-Carlo). . . . . . . ... ... .. ... ..... 81
4.21 Box and whiskers plots of the sensitivity indices of the PD parameters for
evaluated with Algorithm 1 when designs are sampled with: (a) the proposed
DPS and (b) MC sampling. . . . .. .. .. ... .. .. . .. . .. .. ... 82
4.22 (a) Convergence and (b) box and whiskers plots of sensitivity indices of PD
parameters forr evaluated with Sobol's sensitivity analysis.. . . . . .. .. 82
4.23 Contribution to the sample variance plots of the most sensitive parameters

of PD showing the variability of r over the parametric range. . . . . . . .. 84

5.1 Work ow of the proposed approach, which uses a shape-signature vector
containing geometric moments of variant order for sensitivity analysis and
design's physics for shape optimisation. . . . ... ... ... ........ 89

5.2 Three-dimensional CAD geometries of (a) PD and (b) DTMB 5415 hull
models used as test cases for the proposed approach. . . . .. ... ... .. 110

5.3 Three dimensional design variations of the PD hull (on the left) and DTMB
5415 hull (on the right) generated with 26 and 27 design parameters de ned
using PD- and GMF-based parameterisation, respectively. These design
variation can also be visualised in a video athttps://bit.ly/3BiBOwZ
For PD hull, parametrisation is performed on the submerged part below the
waterline, and for both hull their geometric moments are evaluated for the
submerged part. . . . .. L. e e 112

5.4 Parametrisation of PD hull adopted by the PD-based parametric modeller. 113

Xiii



List of Figures

5.5 Computational grid of (a) PD hull and (b) DTMB 51415 hull used during
the simulation for approximationof Cy,. . . . . . . . .. . ... .. .. ...
5.6 Sensitivity indices of PD hull's 26 design parameters obtained using Eg.
(5.27) withrespect to Cy. . . . . o o o o o e
5.7 Sensitivity indices of PD hull's 26 design parameters obtained using Eq.
(5.38) with respectto Ml ©, MI 2, Ml SandMI .. ... ... .......
5.8 Sensitivity indices of PD hull's 26 design parameters obtained with respect

to 4th and 5th order SSV (i.e., Ml #and MI ®) and wave resistant coe cient

5.9 Plot showing sensitivity indices evaluated with respect toMl # versus the

116

119

number of samples used to perform the geometric moment-dependent sen-

sitivity analysis. . . . . . . . e e e
5.10 Plot showing (a, ¢) NRMSE and (b, d) similarity values obtained using Eq.
(5.48) and (5.47) forMl °to Ml ° and MI ° to MI 4 obtained for PD hull. .
5.11 Sensitivity indices obtained with sensitivity analysis preformed (a) with only
local and transition parameters (t3 to tog) and (b) with only bow parameters
(t14 to t17) of PD hull using Eqg. (5.27) and (5.38) with respect to C,, and
Ml S respectively. . . . . . . ...
5.12 Plot showing (a) NRMSE and (b) sensitivity values obtained using Eg.
(5.48) and (5.47) forMI ©to Ml 4 obtained for DTMB hull. (c) Sensitivity
indices of DTMB hull's 27 design parameters obtained using Eq. (5.27) and
(5.38) with respect to C,, and MI 4, respectively. . . . ... ... ......
5.13 Shape segmentation of PD and DTMB hulls used for sensitivity analysis
performed with compositeMI 5. . . . . . ... .. ... ...
5.14 Sensitivity indices of PD hull's 26 design parameters obtained using Eq.
(5.27) and (5.38) with respect to C,, and compositeMI 4, respectively. . . .
5.15 Sensitivity indices of DTMB hull's 27 design parameters obtained using Eq.
(5.27) and (5.38) with respect to C,, and compositeMI| 4, respectively. . . .

Xiv

125

133

134



List of Figures

5.16

5.17

5.18

6.1

6.2

6.3

6.4
6.5

Plot showing C,, versus optimisation iterations performed to optimise (a)

PD and (b) DTMB hullsin Xy and X¢, ..« o o v o o o oo oo oo 140
Comparison between the baseline and optimised PD hulls obtained from
Xmi /X, In term of (a)/(b) bodyplans and (d)/(e) one-sided Hausdor
Distance, respectively. Similar comparison between optimised designs of

Xe

W

and Xy, in term of (¢) bodyplans and (f) one-sided Hausdor Distance.142
Comparison between the baseline and optimised DTMB hulls obtained from

Xwmi /X, In term of (a)/(b) bodyplans and (d)/(e) one-sided Hausdor
Distance, respectively. Similar comparison between optimised designs of

Xe

W

and Xy, in term of (¢) bodyplans and (f) one-sided Hausdor Distance.144

Work ow illustration of the proposed shape-supervised DSDR approach. It
commences by extracting latent features from a shape's geometric and phys-

ical domains and combines them in a subspace that guarantees geometric
and functional variability. For reasons of computational e ciency, geometric
moment invariants are used to capture physical information. Once created,

the subspace is connected to the optimiser and the design evaluation module

to expedite convergence to the optimal solution. . . . . ... ... ... .. 151
Domains for shape modi cation vector and lumped geometric moment vec-

tor in a disjoint Hilbert space. . . . . . . .. .. .. ... .. ... ..., 157
Representation of the scheme and notation used for the current formulation

of shape modication. . . . .. ... ... ... ... 159
Illustration of setting the bounding limits of subspace using Eq. (6.19). . . 164
Illustration of evaluation of Hausdor distance for diversity between the
parent design and the designs samples from the subspace. The right image's

red points indicate where the maximum Hausdor distance accrues between

the parent and sampled design. . . . . . . .. .. ... ... ... .. ..., 166

XV



List of Figures

6.6 (a) Parametric representation of the aerofoil de ned with 12 di erent pa-
rameters (highlighted in red). (b) 3D wing model constructed with three
aerofails, resulting in n = 33 design parameters, is used as a test case for
validating the proposed approach. . . . . ... ... ... ... ....... 169

6.7 Percentage of variance retained by each of the wing model's subspace versus
its dimension . . . . . .. 174

6.8 Percentage of variance retained by each hull model's subspace versus its
dimension. The horizontal red line indicates the 95% threshold. . . . . . .. 174

6.9 Shape deformation of the wing model corresponding to the rst three eigen-
vectors of all employed subspaces: (aYs (b) Vg.mi 2, (€) Vg.mi 3 and (d)

Vi .mi 4. The magnitude of surface displacement is colour coded [small:blue
tolarge:yellow]. . . . . . . . 176

6.10 Shape deformation of hull model corresponding to the three rst eigenvectors
of all employed subspaces: (a)J/g (b) Vg.c,, (€) Vo:mi 2, (d) Vg.m 3, ()

Vemi 4 (f) Vemi 23, (9) Vo 24, (h) Vomi =4 and (i) Vg 24, The
magnitude of surface displacement is colour coded [small:blue to large:yellow].177

6.11 Reconstruction accuracy of wing model's subspaces measured via NMSE
with respect to their dimensionality (m). . . . . . . .. .. ... ... .... 179

6.12 Reconstruction accuracy of hull model's subspaces measured via NMSE with
respect to their dimensionality (m). . . . . . . ... ... ... ... ..., 179

6.13 Decomposition of hull model for DSDR with composite-SSV. . . .. .. .. 180

6.14 Percentage of variance retained by each hull model's subspace versus its
dimension. The horizontal red line indicates the 95% threshold. . . . . . .. 181

6.15 Dimension required by each hull model's subspace to reach 95% of the vari-
ance threshold. . . . . . . . . . . .. 182

6.16 (a) Average percent of invalid wing designs and (b) average diversity measure

for wing designs in subspace¥c, Vg.m 2, Vo:mi 2 and Vv 4. - . . L 183

XVi



List of Figures

6.17 Average percent of invalid hull designs inVg, Vg.c,, and shape-supervised
subspaces sampling with global- and composite-SSVs when bounded By ;
and SLy approaches. . . . . . . . ... 184
6.18 Percentage of invalid hull designs as a function of dimensionality of subspace
formed with SL; bounding approach. . . .. ... ... ... ... ..... 185
6.19 Average diversity measure for hull designs iVg, Vi .c, and shape-supervised
subspaces created with global- and composite-SSV bounded I8L1 and SL
techniques. . . . . . . .. 186
6.20 Plot showing the diversity measure of hull designs as a function of dimen-
sionality of subspace formed withSL, bounding approach.. . . . . ... .. 187
6.21 C,, optimisation history for Vg, Vg.c, , and the shape-supervised subspaces
with global- and composite-SSV. . . . . . .. ... . L oo 189
6.22 (a) Comparison between the baseline and optimised hull shapes, in terms
of cross-sections (or body-plan), obtained at the end of the optimisation

process. (b) Example of construction of hull's cross-sections. . . . . . .. .. 190

7.1 Sequential work ow of the proposed approach, which commences with high-
dimensional design space, represented with a hypercube, having a large fea-
sible variation of the baseline design. Afterwards, geometric features of this
space are identi ed to span the basis of a new geometrically-active subspace.

This subspace is then used to construct a functionally-active subspace to re-

duce dimensionality further and accumulate geometric and functional vari-

ability. After that, the surrogate model is developed with designs sampled

from this subspace and explored with an optimiser to nd an optimal design.197
7.2 Representation of the scheme and notation used for the current formulation. 199
7.3 Sequential work ow of testing pipelines used for the experimentation and

validation of the proposed approach. . . . .. ... ... ... ........ 214

XVii



List of Figures

7.4

7.5

7.6

7.7

7.8

7.9

Plot showing (a) absolute and (b) percentage of the geometric variance re-
tained by geometrically-active (V) and physics-informed geometrically ac-

tive (V ) subspaces of dimensiorN. Horizontal lines on plot (a) and (b)
indicates the threshold for 95% of the geometric variance. . . . . . ... .. 216
Shape deformation modes are corresponding to (a) rst, (b) second and (c)

third eigenvectors obtained for geometric and functional variance retained

by geometrically-active (V), physics-informed geometrically active {/ ), and
functionally-active subspaces;U;, U, and Us. The colours indicate the mag-
nitude of normal surface displacement. . . . . .. .. .. ... ... ..... 218
Modal assurance criterion plot to compare the rst three eigenvectors of the
geometrically-active, physics-informed geometrically-active and functionally-

active subspaces. . . . . . ... e 219
Su cient summary plot between actual and predicted wave resistance coef-
cients ( ¢y) evaluated using Gaussian Process Regression (GPR) and Mul-

tiple Linear Regression (MLR). (b) Comparison of model-based gradients
obtained using GPR and MLR models. . . . . . ... .. ... ... ..... 221
Plot for gradients of wave resistance coe cient ( ¢,) versus the size of the
training dataset (*) used to construct the GPR model for the evaluation of
model-based gradients of the baseline testmodel. . . . .. ... ... .... 222
Eigenvalue decay versus the dimensionalityR) of functionally-active sub-

space representation of (a) original design space, (b) geometrically-active

and (c) physics-informed geometrically-active subspaces. . . ... ... .. 223

7.10 Plot showing activity/sensitivity scores ( ) for the (a) design parameters,x,

(b) geometrically-active latent variables, v and (c) physics-informed geometrically-

active latent variables, v . . . . . . . ... 226

XViii



List of Figures

7.11

7.12
7.13

7.14

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

Plot showing Mean Square Error (MSE) versus dimensionality (P) of surro-
gate modelsg;, g» and gz trained, respectively, with designs sampled from

U;, Uy and Us. (b) A magni ed version of the plot between MSE and di-
mensionality of g3. . . . . . . . 228
Comparison of di erent techniques used to constructg,. . . . .. .. .. .. 229
Plots for the objective function (cy) versus a number of optimisation itera-

tions performed in functionally-active subspaces of Fig. 7.3. (a) Average,,

over 100 optimisation runs and (b) ¢, in a single optimisation run over the

rst 50 iterations. . . . . . . ... L 231
Comparison between the baseline design and optimised designs obtained,

respectively, from functionally-active subspaces (a)U;, (b) U, and (c) Us. . 233

The Parameterisation proposed by [1,2] for container ship hulls. Is it appli-
cable to a naval ship design such as the DTMB hull? . . . . ... ... ... 240
Transformation of KCS hull into DTMB hull using our ShipGAN parametric

modeller. . . . . . e 241
Overall architecture of ShipGAN. . . . . . . . .. .. .. .. ... ...... 247
Parent ship hulls used for the training of ShipGAN model. . . . . . . .. .. 249
Some of the synthetic design variation oBulker hull in Fig. 8.4 created for
training ShipGAN. . . . . . . . . . . . . e 251
Some of the synthetic design variation oDTMB hull in Fig. 8.4 created for
training ShipGAN. . . . . . . . . . 252
Some of the synthetic design variation ofGlobal-S hull in Fig. 8.4 created
for training ShipGAN. . . . . . . . . . . . . . e 253
Some of the synthetic design variation of/KCS hull in Fig. 8.4 created for
training ShipGAN. . . . . . . . . . . . . e 254
Some of the synthetic design variation oKVLCC2 hull in Fig. 8.4 created
for training ShipGAN. . . . . . . . . . . . 255

XiX



List of Figures

8.10 Some of the synthetic design variation oMegayachthull in Fig. 8.4 created
for training ShipGAN. . . . . . . . . . . . 256
8.11 distribution of wave resistance coe cient and design volume in the training
dataset of ShipGAN. . . . . . . . . . .. . e 257
8.12 Example of three ship hulls with dierent surface structure and param-
eterisations: the DTMB hull is constructed with a single NURBS surface,
whereas the KCS and S-175 are composed of several NURBS surface patches
with a signi cantly di erent number of control points. . . . . ... ... .. 258
8.13 Steps of the proposed body-plan-based approach for extracting geometric
information from ship-hull shapes. . . . . .. ... ... ... ........ 261
8.14 Comparison between the original KCS hull and its surface reconstruction
from the grid points of the proposed body-plan-based approach. (a) Sur-
face representations of the original and reconstructed hulls, (b) their geo-
metric representation, comparisons in terms of (c) the one-sided Hausdor
distance [3], and (d) Gaussian curvature. . . . . . . . . ... ... .. 262
8.15 lllustration of transformation of grid points into training set's 3-tuples of
input Matrices. . . . . . . . . . 263

8.16 Structure of a matrix containing x coordinates of the grid points of a design

in the training dataset. . . .. .. .. .. ... .. .. .. .. .. .. ... 264
8.17 Convolutional architecture of the generator used in shipGAN. . .. .. .. 266
8.18 Percentage of variance retained versus sizeof . . . . . ... ... ... .. 267

8.19 Plots depicting the value of (a) SC, (b) MMD and (c) novelty metrics eval-
uated using Egs. (8.8), (8.6) and (8.9), respectively, versus the number of
employed latent features. . . . . . . .. ... ... L 269
8.20 (@) Interpolation of points of CSs using cubic NURBS curves. (b) Construc-
tion of NURBS surfaces interpolating the curves with a loft operation. (c)

Inspection of hull surface fairness using isophotes mapping analysis. . . .. 271

XX



List of Figures

8.21 Design variations created with ShipGAN. Randomly sampled designs from
Z and design variations resulting from changing each of the variables iz

can be visualised athttps://youtu.be/ZIfmAs5-gFw and https://youtu.

be/avlgOFxZP-s , respectively. . . . . . . . .. ... . .. .. .. .. ... 273
8.22 Examples of newly generated designs using ShipGAN adopting features from

parent designsin Fig. 8.4. . . . . . . . .. ... e 274
8.23 Example of implausible designs. . . . . . .. .. ... .. .. .. L. 275

8.24 t-SEN plot of some design in the training data and newly generated designs

from the ShipGAN model. . . . . . . . . . ... ... ... ... ... ..., 276
8.25 (a) Diversity and (b) novelty of designs created with the generator of GAN

and ShipGAN. . . . . . e 277
8.26 Examples of invalid (self-intersecting) designs resulted from the GAN model.

The red curve indicates the regions of intersection. . . . . ... ... .... 278
8.27 (a) Convergence plot ofC,, verses rst 100 optimisation iterations. (b) 3D

surfaces of the KCS hull and the optimised hull having the same particulars

as KCS obtained using the ShipGAN model. . . . . .. .. ... ... .... 280
8.28 (a) Convergence plot ofC,, verses rst 100 optimisation iterations. (b)

3D surfaces of the KVLCC hull and the optimised hull having the same

particulars as KVLCC obtained using the ShipGAN model. . . .. ... .. 282
8.29 Wave pattern of the KCS hull and the optimised hull having the same par-

ticulars as KCS obtained using the ShipGAN model. . . . . ... ... ... 283
8.30 (a) Convergence plots ofC,, verses rst 100 optimisation iterations per-

formed in Z.s, and Zs,. (b) 3D surfaces ofz.s and its optimised variants

resulting from Zes, and Zes,. . . . . o o oo oo oo 285

XXi



List of Figures

9.1

9.2

9.3

9.4

9.5

9.6

9.7

Overall work ow of GenYacht. A design space, formed with geometric pa-
rameters and their limits, is inputted into the generative design technique
(GDT), which generates N uniformly distributed hull design alternatives.
Among them, a user selects a design based on its appearance and physical
properties such as hydrostatics and resistance. The design space is then

re ned according to the selected designs, which is again fed into GDT for
creating new designs. This process is repeated until the nal design(s) are
achieved. . . . . . . . L 289
lllustration of designs generated via random sampling in a two-dimensional
design space (a). While the designs generated using GDT in the same two-
dimensional space are uniformly distributed because of space- lling and non-
collapsing criteria (b). The interaction process started with GDT-generated
designs, and in each interaction, the design space is shrunk towards the user
selection (c). The selection of design is indicated with a tick mark. . . . . . 299
Parametric representation of the parent yacht hull created using Khan et

al.'s design technique [4]. The parent hull is divided into three regions:
Entrance, Middle and Run. An independent set of geometric parameters
represents each region. . . . . . . . . . .. 304
The user interface of GenYacht consists of the main window (a), a dialog box

for user-GenYacht interaction (b), a dialog box for calculating hydrostatics

and resistance (c) and a dialog box for setting the initial design space (d). . 307
Plots for the objective function (F(N)) versus the number of iterations
performed in GA, PSO, ABC, TLBO and JA. . . . . .. .. ... ... ... 309
Design alternatives generated using GDT for the hull model in Fig. 9.3 (For
better visualisation of designs in this gure, the reader is referred to the
digital version of this article). . . . . . . ... ... ... .. .. .. ..., 310

Example of implausible/non-realistic designs without hard design constraints.311

XXii



List of Figures

9.8 Plot showing the residuary resistance Ryes) versus Froude number E,) for
the rstsix designsin Fig. 9.6. . . .. ... ... ... .. .. .. .. .. .. 312
9.9 Yacht hull alternatives created during fteen design interactions using a
shrink rate () of (a) 0:1, (b) 0:5 and (c) 1.0 (For better visualisation of
designs in this gure, the reader is referred to the digital version of this
article). . . . . e 315
9.10 Plots showing the percentage shrinkage) of the design space during fteen
design interactions (T') when (a) =0:1, (b) =05and =1:0.... 316
9.11 Plot showing the percentage shrinkage@) of the design space versus shrink
rate (). . . 318
9.12 The design space is explored interactively to replicate a target design. The
image at the top is the target design, and the image at the bottom is the
design generated after four interactions using GenYacht. The similarity
between the two designs indicates that the user could approximate the target
designwell. . . . . . . e 319
9.13 Plot showing GenYacht's computational cost (in seconds) versus a number
ofdesigns N). . . . . . . . . e 321
9.14 The designs generated by the subjects in the user study (For better visual-
isation of designs in this gure, the reader is referred to the digital version
of this article). . . . . . . . . . . . 322
9.15 Box and Whisker plot the scores given to questions Q1, Q2 and Q3 given by
the subjects during the user study. The subjects were asked these questions

at the end of the user study for further evaluations of GenYacht. . . . . .. 325

XXiii



List of Figures

9.16

9.17

9.18

9.19

Interactive results of the interactive genetic algorithm (IGA). The design
space was created using two geometric parameterd, and B.. Designs

were rst created for the rst interaction. The genetic algorithm (GA) then
performed an iteration to generate a new population for the subsequent
interaction while converging towards the selected design. The interactive
process was repeated until all the designs converged to the preferred one
(seethe lastimage). . . . . . . . . . . 326
The area bounded in red (of the design space in Fig. 9.16) was unexplored
whenIGAwas used. . . . . . . .. . . e 327
Interactive results when using GenYacht in the design space shown in Fig.
9.16. Initial and shrunk design spaces in each interaction (a). Ten designs
were generated using GDT in the interactions, and the design space was

shrunk using the space shrinking technique (SST) based on the user selection

at shrink rates of = 0:5 for the rst three and = 1.0 for the last two
interactions (b). . . . . . . . .. 328
Hull forms generated using the GDT (a). Hull forms were created during the

interactive process using IGA (b). Designs converged (i.e., got similar) at
the fourth interaction without signi cant diversi cations in the hull models.
Moreover, the left-most image of (b) shows the randomly generated designs,

which are similar to each other compared to designs generated using GDT. 329

XXiV



List of Tables

4.1 Parent container-ship hull: main particulars and total resistanceRt . ... 56
4.2 Statistics ofr from samples of the design space created with PD and FFD. 57
4.3 Results of k-means clustering of all 104 parameters of FFD (Free-Form De-
formation) based on their r -sensitivity indices (r :=Volume of Displacement) 73
4.4 Results of k-means clustering of all 104 parameters of FFD (Free-Form De-
formation) based on their r -intra-sensitivity indices (r :=Volume of Dis-

placement) . . . . . .. e 74

5.1 Main particular, test conditions and C,, values of PD hull and DTMB 5415

hull. . . 116
5.2 Geometric moment invariants up to 4" order evaluated for the PD and

DTMB hull models. . . . . . . .. . . .. 118
5.3 Sensitive parameters of PD hull with respect toC,, and Ml ° with s =

0=2=3=4=5. . . . . e e 122
5.4 Local and transition sensitive parameters of PD hull with respect toC,, and

Ml A 128
5.5 Sensitive parameters of DTMB hull with respect to C,, and MI ° with s =

0=2=3=4. . . e 131
5.6 Sensitive parameters of PD and DTMB hulls with respect to composite-

ML 134

XXV



List of Tables

5.7

5.8

5.9

6.1

6.2

6.3

7.1

7.2

7.3

7.4

9.1
9.2
9.3

9.4

Summary of the sensitivity analysis results obtained from the previously
discussed experimentation. . . . . . . . . ... .. 136
Cw Vvalues of optimal designs obtained when optimisation is performed in

Xmi and X, for PDand DTMB hulls. . . . . ... .... ... ...... 141
Cw values and the percentage improvement in baseline design of PD and
DTMB hulls made when shape optimisation is performed in sensitive (K

and X, )) and original (X) design spaces. . . . . ... ... ... ...... 143

Geometric moment invariants up to 4th order evaluated for the baseline

wing shape. . . . . . . . e 170
Geometric moment invariants up to 4th order evaluated for the baseline

hull shape.. . . . . . . . . . . e 171
AverageC,, values over three optimisation runs after 150 iterations. . .. . 191

Error and hyper-parameter values obtained during the training of surrogate
modelsg;, g2 and gz in functionally-active subspacesU;, U, and Us. . . . . 227
Optimisation results obtained after exploring U;, U> and Uz in connection

with gi, @ andgs. . . . . . . . . e 230
Design and hydrostatic properties of the baseline and optimal hull forms
obtained from U, Uband Us. . . . . . . . . . . . . ... . . 234
Summary of the optimisation results under di erent dimensionality of sub-

spaces and surrogate models. . . . ... ... ... L o oo 236

Comparison between IGA-based systems and GenYacht . . ... ... ... 293
Geometric parameters with their lower and upper bounds for the yacht hull. 305
Computational times for GA, PSO, ABC, TLBO and JA when used with
Algorithm 5 . . . . . . . 309
Hydrostatics and resistance results of the rst ten design alternatives shown

iNFig. 9.6. . . . . . 313

XXVi



List of Tables

9.5 Parametric values and hydrostatic properties of the design shown in Fig.
9.12. Hydrostatic properties were calculated at the draft of 2.0 meters. . . . 320

9.6 Resultsoftheuserstudy. . .. ... ... ... .. . .. ... .. ... 324

XXVil



Acknowledgements

\ No one who achieves success
does so without acknowledging
the help of others. The wise and
con dent acknowledge this help

with gratitude."

Alfred North Whitehead

First of all, | would like to thank my thesis advisor, Prof. Panagiotis Kaklis and co-
advisor, Prof. Fehim Cirak, from the University of Cambridge, for providing me with
the scienti ¢ grounding coupled with the legitimacy to complete this thesis with the same
scienti ¢ aims | started my PhD - a digital tool for the maritime industry to generate
appearance- and performance-driven designs at the conceptual design phase and to over-
come the computational burden of physical computer simulations.

| owe my deepest and most sincere gratitude to Prof. Kaklis for his utmost support
in every stage of my PhD journey. | thank him for infusing a creative aspect into my
scienti ¢ research and helping me realise the fundamentals' value. This provided me with
concrete pillars of computational geometry to structure my research and propose something
completely novel. Through his patience and perseverance, he tasked me to implement
concepts and methods from data-driven science to the domain of maritime design. His
insightful suggestions and planning strategies have made all of this achievable in good time

with an upbeat spirit. Thank you for your warmth and your guidance, Prof. Kaklis.

XXVili



Chapter 0. Acknowledgements

| joined Strathclyde's department of naval architecture, ocean and marine engineering
(NAOME) as a Marie Sklodowska-Curie fellowwithin the \GRAPES (learninG, pRocess-
ing And oPtimising shapES)", which received funding from the European Unions Horizon
2020 research and innovation programme under the Marie Sklodowska-Curie grant agree-
ment No. 860843. It was the EU's this generous support that enabled me to attend various
national and international conferences and events (15 in total) and showcase my work to
a broader audience. More importantly, this also allowed me to emphasise the importance
of computational creativity to the maritime community.

| would like to thank the Dean, Prof. Atilla Incecik, for supporting my application
to the department. For giving me his valuable time for long, yet exciting, chats during
departmental events and encouraging me to work harder.

This thesis would not be in its present form without my various research visits at the
Virtual Reality Research Group of the Ship Design Laboratory at the School of Naval Ar-
chitecture and Marine Engineering (S-NA&ME), National Technical University of Athens
(NTUA), Athens, Greece; Institute of Marine Engineering of the Italian National Research
Council (CNR-INM), Rome, Italy; Co-Design Lab, Berkeley Institute of Design, University
of California, Berkeley, US; and more recently at ITI-Global, Cambridge, UK.

Very special thanks | shall extend to Dr Matteo Diez and Dr Andrea Serani from
CNR-INM for accepting me as aMac Robertson visiting fellow and welcoming me to their
research group. Without their fruitful collaboration, much of the scienti ¢ contribution
in this thesis would not be possible. This visit would not be possible without the Mac
Robertson trust's generous support. Therefore, | owe a special thanks to Mac Robertson
Trust. 1 am also grateful to Prof. Kosa Goucher-Lambert from the Co-Design lab, to whom
| am in debt for creative and intellectual stimulation, thereby letting me explore the Design
Theory and Methodology aspect of my work. | would also like to thank colleagues at the
Co-Design lab for their invaluable friendship and support and for cultivating a discourse
from the bottom up informed by designing rst and theorising later. The visit to the

Co-Design lab was made possible with the support fronthe Royal Society who funded

XXiX



Chapter 0. Acknowledgements

this visit under the HINGE (Human InteractioN supported Generative modEls for creative
designs) project via their \International Exchanges 2021 Round 2" funding call. | would
like to give special thanks to Prof. Alexandros-Alvertos I. Ginnis from NTUA for hosting
me in his virtual reality research group, in which | had a unique opportunity to study
how one could couple parametric design tools with virtual reality systems to develop an
immersed computational design platform for complex maritime vessels.

I would like to acknowledge insightful and in uential conversations with Prof. Kon-
stantinos Kostas from Nazarbayev University and Prof. Constantinos Politis from the
University of West Attica during our weekly meetings. | would like to thank our collabo-
rators from ITI, Cambridge, UK; Monolith Al, London, UK; CAE-Tech, Leamington Spa,
UK; Institute of Intelligent Industrial Technologies and Systems for Advanced Manufac-
turing (STIIMA-CNR), ltaly; Israel Institute of Technology, Haifa, Israel and Istanbul
Technical University, Istanbul, Turkey.

| would like to express special gratitude towards my good friend and colleague, Ondar,
Alex, Abdullahi and Yildirim, from the NAOME department, with who | shared countless
innovative ideas, great co ee chats and delicious meals. Within the NAOME department,
| would also like to thank the incredible administrative team, Susan, Ross, and Lynne, for
being patient with me and supporting me in every administrative work.

| want to acknowledge my mentors from my undergraduate and Master's studies in
Pakistan, Turkey, and Japan. Though they were not directly involved in this thesis, they
were fundamental in preparing me for it. | am very grateful for their teaching, mentorship,
and support.

A warm expression of gratitude to my best friends, Muhammad Sagib Jabar, Imtiaz
Ahmed Qurashi, Nokukhanya Tsabedze and Dilan Kenes, who have been to me like a
secret weapon to get through the hard times with love and emotional endurance that are
rare to nd.

And nally, to my siblings, Sanjeeda Andlib, Shahzad Akhtar Khan, Farida Nadeem,

Aneela Ashraf, Sajjad Hussain Akhtar, Jahanzaib Barakzai, Sahrish Khan, and my parents,

XXX



Chapter 0. Acknowledgements

Muhammad Akhtar Khan and Saeeda Akhtar, for supporting me in every step | took and
decision | made in life. My mother, who, with her elegance, has made my life's journey
worthwhile. She taught me everything | know of the world's ways and continues to move
and surprise me with her awe-inspiring wisdom and divine grace. | owe every bit of success
to my father for teaching me that life is not worth living without taking risks. He let me

grow as an individual and helped me take the road less travelled.

To my beloved parents.

XXXI



Chapter 0. Acknowledgements



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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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.



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



	Abstract
	List of Figures
	List of Tables
	Acknowledgements
	Introduction
	Effective design parameterisation
	Tackling computational complexity
	Design space dimensionality reduction (DSDR)
	Unsupervised (FE) versus supervised (PSA) DSDR

	Efficient and intuitive design exploration

	Novelty
	Overview of proposed approaches
	Thesis outline

	Background
	Design parametrisation
	Design space

	Parametric sensitivity analysis
	Variance-based analysis
	Active subspace method
	Regional sensitivity analysis
	Computational complexity in PSA
	Instabilities in PSA

	Feature Extraction

	Intra-sensitivity: Understanding local behaviour of parametric sensitivities
	Introduction
	Problem formulation
	Active subspace method
	Quantifying Intra-Sensitivity
	Tackling the computational complexity
	Design parametrisation of free-form shapes
	Assessing the impact of sensitive parameters on geometry

	Results and discussion
	Experimental configuration
	Sensitivity analysis of hull parametrised with PD
	Sensitivity analyses of hull parameterised with FFD
	Impact of sensitive and intra-sensitive parameters of FFD and PD on geometry
	Optimisation
	Comparative studies

	Conclusions and future works

	Geometric moment-dependent global sensitivity analysis without simulation data
	Introduction
	Geometric moments in design and analysis

	Geometric moment-dependent sensitivity analysis
	Problem formulation
	Geometric moments
	Global sensitivity analysis
	Sensitivity analysis of multivariate output
	Selection of sensitive parameters

	Test cases
	Relation of moments with wave resistance coefficient
	Parametric modellers
	Hydrodynamic solver and setup

	Results and discussion
	Moment Evaluation
	Sensitivity Analysis of PD hull model
	Sensitivity analysis for shape with simple geometry
	Sensitivity analysis of DTMB hull model
	Composite geometric moment invariants
	Selection of SSV's order to commence SA
	Summary of sensitivity results
	Shape optimisation
	Computational cost
	Limitation of geometric moment invariants for sensitivity analysis

	Conclusion and future works

	Shape-supervised dimension reduction
	Introduction
	Objective and contribution
	Overview of the proposed approach
	Related works

	Proposed approach
	Problem formulation
	Design space dimensionality reduction
	Karhunen-Loève expansion of SSV
	Additional design space considerations

	Test Cases
	Results and discussion
	Evaluation of geometric moment invariants
	Dimension reduction
	Shape-supervised DSDR with composite-SSV for the hull model
	Subspace quality analysis (SQA)
	Shape optimisation of the hull model
	Computational cost

	Conclusion and future work

	Physics-informed feature-to-feature learning
	Introduction
	Proposed methodology
	General definitions and assumptions
	Eigendecomposition
	Geometrically-active subspace
	Functionally-active subspace
	Surrogate modelling in functionally-active subspace
	Optimisation

	Results and discussion
	Dimensionality reduction with geometric features
	Dimensionality reduction with functional features
	Surrogate model training
	Optimisation

	Conclusions & future works

	ShipGAN: Deep convolutional generative model for parametric ship design
	Introduction
	Background on generative adversarial networks
	GANs in engineering design

	ShipGAN
	Shape dataset
	Shape encoding for GANs
	Preparing geometric data for training
	Enhancing shape validity and diversity
	Loss function

	Experiments: Design synthesis and optimisation
	Design reconstruction
	Design validity and diversity
	Shape optimisation

	Conclusions and future works

	GenYacht: An interactive generative design system for yacht Hull design
	Introduction
	Related works
	Interactive design
	Generative design

	Method overview
	Basic terminology and generative design techniques (GDT)
	Interactive design approach
	User-Interface of GenYacht

	Results and discussion
	Optimiser selection for GDT
	Validation of GenYacht system
	Computational time
	User study
	Comparison with IGA

	Conclusions and future works

	Conclusion
	Future Work
	Path to simulation-driven design and manufacturing
	AI to navigate preliminary design stage
	Revisiting ship design theory and practice
	End-to-end system and its adoption to industry


	Software resulting from the thesis
	List of Publications resulting from the thesis
	Journal Publications
	Conference publications
	Conference Talks

	Bibliography

