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Finally, from so little sleeping and so much reading,
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Summary

This thesis addresses the growing demand for sustainable ship design by focusing on the
optimization of hull forms. The hull form geometry directly influences the ship’s hydrody-
namic resistance, and consequently its fuel consumption and emissions. As the maritime
industry faces increasingly stringent environmental regulations, there is a pressing need
for design methodologies that can deliver high-performance hull forms across diverse op-
erational conditions, while remaining computationally efficient and producing physically
meaningful geometries.

The first part of the thesis critically reviews the vibrant and expanding literature on
hull form optimization, structured around the four-step framework. This framework typ-
ically involves: (1) defining a geometric parameterization and performance indicators, (2)
evaluating hydrodynamic performance via simulation, (3) constructing surrogate models
to approximate those results, and (4) verifying that the optimized shapes are physically
plausible. This review highlights the trade-offs involved in parameterization choice, the
challenges of building accurate surrogate models in high-dimensional spaces, and the fre-
quent absence of methods to enforce physical plausibility during optimization. It empha-
sizes that despite significant progress, current workflows remain data-hungry, computa-
tionally expensive, and poorly suited for iterative or comparative design investigations.

The second part of the thesis addresses the issue of physical realism by introducing a
novel integration of the IMO Intact Stability Code directly into the optimization loop. This
allows the optimization process to systematically exclude non-compliant designs during
the search, rather than checking constraints only after optimization. As demonstrated us-
ing the KCS hull as a test case, this constraint-driven approach not only yields regulation-
compliant designs but also reduces the design space and cuts overall computational effort.

The third part of the thesis addresses one of the biggest challenges with the four-step
approach: the lack of ability to reuse existing data when changes are made to the par-
ent hull geometry or to the shape parameterization. As a result, each new optimization
study often requires generating a new simulation dataset from scratch, which leads to
high computational cost and human effort. Therefore, in this chapter, we present a key
methodological change: decoupling the geometric parameterization from the surrogate
modeling phase. This allows existing simulation data to be reused across different design
investigations, even when the underlying shape parameterization changes. This decou-
pled framework is demonstrated using the Delft Systematic Yacht Hull Series and is shown
to construct accurate surrogate models without requiring new simulations for each new
parameterization. The framework is particularly advantageous in extrapolation scenarios,
where optimization is carried out in regions of the design space not explicitly covered
by the training data. By enabling data reuse, the method not only accelerates the design
process but also provides a natural starting point for new optimization campaigns, signif-
icantly lowering the barrier to entry for early-stage hull-form investigations. This part of
the thesis highlights extrapolation as a central Al challenge and opportunity in the context
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of hull form optimization. We show in this chapter how to develop predictive models to
generalize beyond their training data without compromising physical plausibility.

The final part of the thesis extends this decoupled framework to more topologically
complex hull forms, with a focus on container ships. We developed strategies to build
surrogate models capable of predicting resistance for a wide range of designs, both within
and outside the training distribution. In particular, we benchmarked models trained ex-
clusively on in-class data against those built from reused, out-of-class datasets. Results
showed that surrogate models trained on reused historical data could generalize well and
perform competitively in optimization tasks. We also proposed a hybrid strategy that
selectively combines reused data with a limited amount of newly generated simulations.
This approach offers a flexible trade-off between computational cost and model fidelity.
Results show that the hybrid approach led to approximately 30% reduction in computa-
tional effort compared to the standard four-step approach.

Taken together, the contributions of this thesis provide a framework for hull form opti-
mization that is data-efficient and generalizable. By enabling the reuse of simulation data
across different designs and parameterizations, the proposed methods establish a more
sustainable and scalable foundation for future ship design workflows. The results support
design exploration that is fast, interpretable, and regulation-compliant, helping to align
the maritime industry’s operational and environmental goals.
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Samenvatting

Dit proefschrift speelt in op de groeiende behoefte aan duurzaam scheepsontwerp door
zich te richten op de optimalisatie van rompvormen. De geometrie van de rompvorm
beinvloedt rechtstreeks de hydrodynamische weerstand van het schip en daarmee het
brandstofverbruik en de uitstoot. Aangezien de maritieme sector wordt geconfronteerd
met steeds strengere milieuregels, is er een dringende vraag naar ontwerpmethoden die
onder uiteenlopende operationele omstandigheden hoogwaardige rompvormen kunnen
leveren terwijl de methoden computationeel efficiént blijven en fysiek realistische geome-
trieén genereren.

Het eerste deel van dit proefschrift geeft een kritische beschouwing van de levendige
en zich uitbreidende literatuur over rompvormoptimalisatie, gestructureerd rond het vier-
stappenmodel. Dit model omvat doorgaans: (1) het definiéren van een geometrische para-
metrisering en prestatie-indicators, (2) het evalueren van hydrodynamische prestaties via
simulaties, (3) het opstellen van surrogate modellen ter benadering van deze resultaten, en
(4) het verifiéren dat de geoptimaliseerde vormen fysiek realistisch zijn. Deze literatuur-
studie benadrukt de afwegingen die gepaard gaan met de keuze van parametrisering, de
uitdagingen van het bouwen van nauwkeurige surrogaatmodellen in hoog-dimensionale
ruimtes, en het veelvuldige gebrek aan methoden om fysieke aannemelijkheid tijdens de
optimalisatie af te dwingen. Er wordt geconcludeerd dat ondanks aanzienlijke vooruit-
gang, de huidige workflows veel data vereisen, computationeel kostbaar zijn, en slecht
aansluiten bij iteratieve of vergelijkende ontwerpstudies.

Het tweede deel van het proefschrift richt zich op de uitdaging van het waarborgen
van fysieke realisme door een nieuwe integratie van de IMO Intact Stability Code direct in
de optimalisatiecyclus voor te stellen. Hierdoor kunnen ontwerpen die niet aan de eisen
voldoen systematisch worden uitgesloten tijdens het optimalisatieproces, in plaats van
deze pas achteraf te controleren. Zoals aangetoond met de KCS-romp als testcase, levert
deze, op beperkingen gebaseerde, aanpak niet alleen regelconforme ontwerpen op, maar
verkleint het ook de ontwerpruimte en vermindert het de totale rekeninspanning.

Het derde deel van het proefschrift pakt één van de grootste beperkingen van het vier-
stappenmodel aan: het onvermogen om bestaande data opnieuw te gebruiken wanneer
wijzigingen worden aangebracht aan de oorspronkelijke rompgeometrie of de gebruikte
vormparametrisering. Als gevolg daarvan vereist elke nieuwe optimalisatiestudie over
het algemeen het genereren van een volledig nieuwe simulatiedataset, wat leidt tot hoge
rekenkosten en veel menselijke inspanning. Daarom introduceren we in dit hoofdstuk
een belangrijke methodologische verandering: het loskoppelen van de geometrische pa-
rametrisering van de fase waarin surrogaatmodellen worden opgesteld. Hierdoor kan be-
staande simulatiedata worden hergebruikt in verschillende ontwerpstudies, zelfs wanneer
de onderliggende vormparametrisering verandert. Dit losgekoppelde framework wordt
gedemonstreerd met behulp van de Delft Systematic Yacht Hull Series en blijkt in staat
om nauwkeurige surrogaatmodellen op te stellen zonder nieuwe simulaties te vereisen
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voor elke nieuwe parametrisering. Het framework is met name voordelig in extrapolatie-
scenario’s, waarbij optimalisatie plaatsvindt in gebieden van de ontwerpruimte die niet
expliciet zijn opgenomen in de trainingsdata. Door het hergebruik van data te faciliteren,
versnelt deze methode niet alleen het ontwerpproces, maar biedt deze ook een natuurlijk
startpunt voor nieuwe optimalisatiecampagnes, waardoor de drempel ontwerpstudies in
een vroeg stadium aanzienlijk wordt verlaagd. Dit deel van het proefschrift benadrukt
extrapolatie als een centrale uitdaging en kans voor Al in de context van rompvormop-
timalisatie. We tonen in dit hoofdstuk aan hoe voorspellende modellen kunnen worden
ontwikkeld die buiten hun trainingsdomein kunnen generaliseren zonder dat dit ten koste
gaat van de fysieke plausibiliteit.

Het laatste deel van het proefschrift breidt dit losgekoppelde framework uit naar meer
topologisch complexe rompvormen, met een focus op containerschepen. We ontwikkel-
den strategieén voor het bouwen van surrogaatmodellen die in staat zijn om de weerstand
van een breed scala aan ontwerpen te voorspellen, zowel binnen als buiten de oorspronke-
lijke trainingsverdeling. In het bijzonder hebben we modellen vergeleken die uitsluitend
zijn getraind op in-class data met modellen die gebruikmaken van hergebruikte en out-of-
class datasets. De resultaten tonen aan dat modellen getraind op historische, hergebruikte
data goed kunnen generaliseren en concurrerend presteren bij optimalisatietaken. We stel-
den ook een hybride strategie voor die hergebruikte data combineert met een beperkte
hoeveelheid nieuw gegenereerde simulaties. Deze aanpak biedt een flexibel evenwicht
tussen rekenkosten en modelnauwkeurigheid. Resultaten tonen aan dat deze hybride aan-
pak leidde tot een reductie van ongeveer 30% in rekenkundige inspanning ten opzichte
van het standaard vierstappenmodel.

Gezamenlijk bieden de bijdragen van dit proefschrift een data-efficiént en generali-
seerbaar framework voor rompvormoptimalisatie. Door het mogelijk te maken simula-
tiedata opnieuw te gebruiken voor verschillende ontwerpen en parametrisaties, leggen
de voorgestelde methoden een duurzamere en beter schaalbare basis voor toekomstige
scheepsontwerp-workflows. De resultaten ondersteunen ontwerpverkenningen die snel,
interpreteerbaar en aan regelgeving conformzijn, waarmee de operationele- en milieudoel-
stellingen binnen de maritieme sector beter op elkaar kunnen worden afgestemd.
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Introduction

aritime transport (shipping) is widely recognized as the most efficient and cost-
M effective means of transporting goods internationally [112, 146]. Shipping currently
facilitates approximately 80% of global trade [112], and within the European Union, around
90% of external and 40% of internal trade is conducted via sea routes [65]. As a result, the
maritime sector is viewed as a cornerstone of the European economy.

Despite its efficiency, the shipping industry is under growing pressure to reduce its en-
vironmental impact. In recent decades, international efforts such as COP21-COP26 [221,
223] have highlighted the role of greenhouse gas (GHG) emissions in driving climate
change [222]. The transport sector contributes nearly a quarter of the EU’s total GHG
emissions [64], and maritime emissions are projected to increase by 90-130% by 2050 in
the absence of intervention [66]. To counter this trend, the European Commission has
adopted a strategy aiming to reduce transport emissions by 60% by 2050 (compared to
1990 levels), while the International Maritime Organization (IMO) has committed to a 50%
reduction in emissions from shipping by the same deadline [112].

Meeting these ambitious targets requires a transformation in how ships are designed
and operated. Technological innovations such as alternative fuels [67], hybrid or full-
electric propulsion [63], and novel operational strategies like smart steaming [78] are cre-
ating new design constraints and opportunities. Designing ships that are fit-for-purpose
under these constraints is increasingly complex, as each combination of mission profile,
fuel system, and operational condition may require a distinct optimal configuration. This
complexity has made fully integrated, holistic ship design difficult to implement in prac-
tice.

As a result, much of the recent research effort has focused on developing modular
design optimization techniques that target specific ship components. One of the most in-
fluential of these is the hull form, which directly determines hydrodynamic resistance and
therefore has a significant impact on fuel consumption and emissions. By optimizing the
hull geometry to reduce resistance, it is possible to achieve meaningful gains in both envi-
ronmental performance and operating cost. Even modest improvements in hull resistance
can yield significant fuel savings over a ship’s operational lifetime.
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1.1 Hull Form Shape Optimization

Shape optimization refers to the process of modifying the geometry of a component-such
as a ship hull-to achieve optimal performance based on predefined objectives [25, 98, 216,
239, 260]. Typically, the goal is to minimize the energy requirements, e.g., drag forces,
while ensuring manufacturability and adherence to regulatory standards. This process
may be driven by economic [144, 165], environmental [22], or combined objectives [6], and
must adapt to evolving conditions such as fluctuating fuel prices [254] and environmental
policies [193].

Optimization is usually performed with respect to specific Key Performance Indicators
(KPIs), including but not limited to: energy consumption, fuel usage, drag, lift-to-drag
ratio, instability, overheating, volume, mass, cost, and operational risk [115, 120, 239, 258].

The hull form geometry directly influences the ship’s hydrodynamic resistance, and
consequently its fuel consumption and emissions. Currently, there is no end-to-end tool
to perform hull form shape optimization (e.g., that can automatically generate a geomet-
ric parameterization, evaulate canidate designs, and explore a candidate design space).
Therefore, the design of hull forms is typically divided into three main stages [133, 175]:
early-stage, mid-stage, and late-stage design. Each stage has distinct goals and toolsets.

During early-stage design (or concept design), the mission requirements may still be
fluid, and it is beneficial to explore a wide variety of ship types [14, 124]. Recent devel-
opments in generative Al and parametric design tools allow for rapid exploration of alter-
native hull families. However, these tools often lack the resolution and control necessary
for fine-grained hydrodynamic optimization and are not yet widely adopted in industrial
practice [133].

Mid-stage design (or contract design) begins once a baseline hull is selected. Here, the
design space is defined as a set of perturbations around a parent geometry [81, 228, 260].
This is the stage where simulation-based optimization, supported by Data-Driven Surro-
gates (DDS) models, is most widely used [54, 238]. Design variants are generated using
parameterized deformation techniques and evaluated using a surrogate model trained on
Computational Fluid Dynamics (CFD) data.

Late-stage design focuses on integration and compliance. The hull form is typically
fixed, and the focus shifts to internal layout [259], safety [174], and regulatory compli-
ance [102]. Changes at this stage are expensive and usually avoided. A summary of the
aforementioned stages of hull form design is depicted in Figure 1.1.

While all stages are important, this thesis focuses on mid-stage design, where the most
significant potential exists for performance improvement through shape optimization.

Historically, mid-stage design optimization relied on human expertise or parametric
tuning of a base geometry [68, 104, 189]. Although these methods are robust and in-
terpretable, they often restrict the exploration of unconventional or high-performance
shapes. CFD is typically used to evaluate performance metrics, but CFD evaluations are
computationally expensive, especially for large design spaces. To reduce this burden, DDS
are increasingly used to approximate CFD responses [98, 140, 151, 158]. DDS models re-
quire significant training effort but can make near-instantaneous predictions, enabling fast
optimization workflows. This data-driven approach forms the backbone of most modern
mid-stage design studies.
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Figure 1.1: Hull form design stages.

1.2 Research gap and contribution

Despite recent advances, mid-stage hull-form optimization using data-driven surrogates
still suffers from several key limitations. These limitations were identified through the
literature review in Chapter 2 and are summarised below, together with the corresponding
contributions of this thesis (Table 1.1).

Many existing DDS-based optimization frameworks generate candidate designs solely
based on geometric parameter variation and hydrodynamic performance predictions. Phys-
ical feasibility checks, such as ensuring stability compliance, are often applied only as post-
processing filters, meaning substantial computational effort may be spent on designs that
are infeasible from the outset ((G1)). This thesis addresses this by embedding stability
and hydrostatic constraints directly within the optimization loop, ensuring all evaluated
designs remain physically plausible (Chapter 3).

Training accurate surrogates traditionally requires large CFD datasets covering the
entire parameterized design space. This high computational burden restricts the num-
ber of scenarios and variants that can be evaluated, slowing the iterative design process
(CG2). Here, computational effort is reduced through a combination of stability-informed
dimensionality reduction (Chapter 3), selective sampling (Chapter 3), and hybrid reuse of
existing experimental (Chapter 4) and simulation data (Chapter 5).

In the literature, surrogate models are almost always tied to a specific geometric para-
metrization, such as a fixed Free-Form Deformation (FFD) lattice tied to a particular parent
hull. When the parameterization changes, e.g., by modifying the FFD lattice or changing
the parent hull, the surrogate must be retrained from scratch, requiring a new CFD dataset
(CG3)). This thesis develops a decoupled, parameterization-agnostic surrogate modeling
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framework that instead uses generalizable geometric and hydrostatic features, enabling
model reuse across different encodings (Chapter 4, Chapter 5).

Current optimization pipelines treat each project in isolation, even when relevant CFD
results from past studies exist. This results in repeated, costly CFD campaigns for sim-
ilar hull types and operational ranges (G4 )). The framework proposed in this thesis
integrates feature-based surrogate modeling to merge datasets from different sources and
parameterizations, making simulation data reusable across design campaigns (Chapter 4,
Chapter 5).

Most surrogate-based optimization studies focus on interpolation, where predictions
are made within the boundaries (convex hull) of the training data. Extrapolation, pre-
dicting in regions outside the training set, is avoided or treated as unreliable ((G5)). In
this thesis, extrapolation is reframed as a capability: by selecting suitable generalizable
features and applying targeted training strategies, surrogates are made capable of reliable
predictions beyond their original training domain, enabling exploration of new hull forms
and operating conditions with limited additional CFD effort (Chapter 4, Chapter 5).

There is little guidance in the literature on how to transfer knowledge between hull
families. Design and optimization efforts are often restarted from scratch when switching
to a different parent hull ((G6 ). This work demonstrates a novel framework for trans-
ferring knowledge across different hull families for resistance prediction, showing how
surrogates trained on one hull family can be adapted to others, thus reducing the compu-
tational requirements for developing surrogates for the new designs (Chapter 5).

Table 1.1 maps these six research gaps to the specific contributions of this thesis and
the chapters in which they are addressed.



1.2 Research gap and contribution

"SULIOJ [[NY U29M]
-9q Juatudo[aaap ajeSorins Jurziferauan) — G Y

‘S[es
-s9A 08Ied Jo sar[rurej usamiaq uonejoderdixg
- ¢ YD ‘syjuowradxa uwonerodenxy - § YO

'3SN1 BIEP UOTIR[NWIS — G YD)
uowdoPasp NIomoswrely pa[dnodsq - § YO

*SULIO)
My xo[dwod 210w 2qLIdsp 03 20eds 21nJed) JUP
-uadapur Surpuedxyq - ¢ "y) ‘aoeds aInjeay juap

'SugIsap mau 0}
I19)surer) a8paymowy| Surqeus ‘uordrpaId soue)sIs
-21 103 SUTUTES] I9JSUBI] [[NY-SSOID PIIJEIISUOWd]

‘suoTIpuod [euorjerado pue surioy
1[Ny U23sun 0] dzIeIauad 03 saredorins Sururen
‘Aymiqedes uSrsap ' se uonejodenxs pajeary,

‘sjasejep
D MAU I0J PaduU dy} SUIONPAI ‘SUORZLIND
-wrered pue sa01nos apdinu woij eyep ajerdajur
0 Surpepour a1e801INs Paseq-aInjeaj padnpoIu]

‘suorjezirajowered JuaIIPIp
UIIM SIIPN]S SSOIOE ISNAI Bjep uone[nuis Surjqe
-ud ‘Surpepowr ajedors 10j romaurery (pard

*SOIIUR] [N U29M]9]
s[opowr Suriaysuer) 10§ A3a1e1)s PaYSI[qe]sd ON

*3[QBI[2IUN SE PIJeaI} IO PIPIOAL ST UOTJE]
-odenxs ‘uorjejodiajur uo sndoj syrom Sunsixg

‘sudredwres (.10
pajeadax 03 Surpesy ‘saurfadid uonezrumdo jsow
ur passaippe jou st sjaaford ssoroe asnar ejeq

‘spotour Surpod
U 10 S[[NY Juared JUSIYIP SSOIOL ISNAT FUTIUIA
-a1d ‘suonjezrrajourered orrpewoad oyads 03 pany

)

G

-uadapur woxj sppowr djedorins Jurureda - YD | -noddp) dnsoude-uorjezirajourered e padopadq | are uorezrurido wiroj-[ny ur sppowr ajeSorng €9
‘ejep

uone[nuIs SursIxa woiy Sururel], — ¢ Yo ‘ejep '3sNal BJep PLIqAT] pue ‘Uononpax

rejuatradxe Sunsixa woxy Sururer], - § YD ‘A3 | Ajpeuorsuswarp ‘sjurerjsuod Ayqiqess ‘Surdures -aoeds uSrsap jo uorjerodxa sy

-niqrsnerd aaoxdwr oy Surpdures 9109 — ¢ YD | pasoxduir era £q 110j0 uonjerauad ele padnpay | uSsap afejs-prur ur jsod euorendwod Y [43)

‘dooy uonjezrumdo ayy ‘sugisap

‘uot) | ojur A[JO1Ip (SJUTRIISUO0D d1JRISOIPAY] “9pod AJI[Iq | d[qIseajur 10 [edrsAyd-uou SUD{SIT ‘SJUTRIISUOD

-ezrumdo ojur wonexdajur Aypiqisned - ¢ YD | -8l Q) syeayo Apiqrsnerd eorsAyd pappaquig | [eorsAyd pajerSajur yoey uajjo sjppour ajeSoring i)

(s)1a1dey) uonnqriuo) 2INJEIINIT JUILIND deo

*SISaY} STy Jo suonnqriuod Surpuodsariod pue sded ainjersyn jo Areunung 11 3[qel,




6 1 Introduction

1.3 Structure

This dissertation is organised to progressively address the six research gaps identified in
Section 1.2, moving from a review of existing approaches to the development and applica-
tion of a generalisable, parameterization-agnostic framework for hull-form optimization.

Chapter 2 presents a comprehensive review of the state of the art in optimization us-
ing computational fluid dynmaics data-driven surrogates. The review is structured around
the four core stages common to most workflows:

1. geometric parameterization and KPI definition;

2. CFD-based data generation and surrogation;

3. surrogate-based optimization;

4. physical plausibility check.

For each stage, the limitations reported in the literature are analysed, leading directly to
the formulation of research gaps (G1)-( G6 ). It is worth mentioning that although air-
foils differ geometrically and physically from ship hulls, airfoil optimization studies are de-
liberately included in the literature review. This is because both domains share a common
methodological foundation based on using CFD DDS models to accelerate design-space
exploration and performance optimization. Many of the surrogate-based optimization
techniques were first developed and validated within the aerodynamic community, where
data availability and standardized benchmarks enabled methodological progress. There-
fore, by including these studies in the require we are able to cross-fertilize between airfoil
and hull-form optimization research. For this reason, while numerical results from air-
foil cases are not compared directly to ship data, their methodological insights underpin
several of the approaches relevant to this work.

Chapter 3 addresses and by presenting a method for stability-constrained
shape optimization using surrogate models. Physical feasibility constraints, specifically
the IMO Intact Stability Code, are embedded directly into the optimization loop to pre-
vent evaluation of non-viable designs. In parallel, computational cost is reduced through
stability-informed dimensionality reduction and selective sampling strategies. The method
is validated on a single parent hull family, allowing controlled assessment of improve-
ments in plausibility and efficiency.

Chapter 4 addresses (G2 ), (G3 ), (G4 ), and ( G5 ) by introducing a novel decoupled
framework that removes the dependency between the surrogate model and the underly-
ing geometric parameterization. The framework enables existing experimental data to
be used to devlop the surrogates thereby reducing the computational load (G2 ). The
framework uses generalizable hydrostatic and geometric features to develop the surro-
gates independent from the specific parameterizations and parent hulls ((G3 ) and (G4 ).
It also reframes extrapolation as a design capability (_G5 ), with different and increasingly
challenging experiments showing how surrogates can be trained to generalize beyond the
boundaries (convex hull) of the training set. Initial validation is performed using reduced-
complexity hull families (sailing yacht hulls from the Delft Systematic Yacht Hull Series)
to isolate and evaluate each methodological component.

Chapter 5 focuses on (G2 ), (G3 ), (G4 ), (G5 ), and ( G6 ) by applying the decou-
pled framework to more complex hull forms, specifically container ships. This chapter
demonstrates reusing simultaion data to balance surrogate model accuracy and computa-
tional cost in an industrially relevant context (G2 ). This chapter expands on the meth-
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Figure 1.2: Structure of this thesis.

ods developed in Ch. 4 to adapt the surrogate models for more complex hull topologies
(C(G3), (G4)). The extrapolation capability is evaluated for realistic operational condi-
tions (G5 )), and the potential for cross-hull transfer learning (_G6 )) is demonstrated by
adapting models trained on one hull family to predict resistance for others.

Finally, Chapter 6 summarises the key contributions of the thesis, reflects on their
implications for scalable and sustainable ship design, and outlines directions for future

work.






2

Problem Formalization and
State—of—the—art Review

Shape optimization of vessel hulls and airfoils is a critical step to ensure optimal performance
and minimal environmental footprint. Usually, their design is an adaptation of an existing
one, not optimized for the specific Key Performance Indicators (KPIs) like the drag of a hull
or lift and drag of an airfoil, or the result of a mix between human experience and numerical
optimization approaches. Nowadays, the state-of-the-art approach for shape optimization of
hulls and airfoils is based on Computational Fluid Dynamics (CED) Data-Driven Surrogate
(DDS) models, and consists of four steps. First, a parametrization and parameter ranges are
defined, with more or less human intervention, to build a shape design space. Unfortunately,
an accurate estimation of desired KPIs (e.g., drag resistance for the hull or lift and drag for
airfoils) based on the shape parameters is computationally expensive, requiring CFD, which
prevents the direct numerical optimization of these KPIs. For this reason, the second step is
to sample a few specific and representative shapes from the design space, based on human
experience or through more complex strategies, and evaluate their KPIs using CFD. Then, a
DDS is developed based on the generated data, and possibly already available data, which
is computationally expensive to construct but inexpensive for making predictions. Thanks to
this particular property of the DDS, as the third step, the latter can be directly incorporated
into an optimization loop to retrieve a series of candidate geometries on the Pareto front of the
KPIs. Finally, the fourth step consists of validating the physical plausibility of the results of
this chain by verifying, with CFD, that the DDS and the optimizer did not induce physically
implausible shapes. This work will review the literature on the just-described four steps of
shape optimization of hulls and airfoils leveraging CFD DDS models. In particular, we have
selected the top publications according to strict criteria, performed a critical review accom-
panied by informative summary tables, and finally, discussed the open problems and future
perspectives in the field.

This chapter is reproduced from J. M. Walker, A. Coraddu, and L. Oneto. A review on shape optimization of hulls
and airfoils leveraging Computational Fluid Dynamics Data-Driven Surrogate models. Ocean Engineering, 312:
119263, 2024 [2).
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Figure 2.1: The graphical abstract of this review.

The application of the DDS to shape optimization of hulls and airfoils is an area of
research that remains vibrant. Previous reviews and surveys on shape optimization
methods [11, 73, 125, 130, 135, 243] have primarily focused on the optimization aspects,
and, to the best of the authors’ knowledge, there is no recent review or survey paper
holistically summarizing the state-of-the-art on shape optimization of hulls and airfoils
leveraging CFD DDS models. A graphical abstract of this review is reported in Figure 2.1.
This review will focus on the four main steps related to shape optimization of hulls and
airfoils leveraging CFD DDS models

Step (1) shape parametrization, parameter ranges, and KPIs definition;

Step (2) sampling, data generation with CFD possibly integrating already available

shapes, and DDS construction;

Step (3) shape optimization leveraging the CDF DDS;

Step (4) physical plausibility of the candidate shapes and feedback.

Step (1) deals with the parametrization of the geometry and the definition of the pa-
rameter ranges and the desired KPIs for the specific novel hull or airfoil design. The pa-
rametrization is responsible for translating the geometry into a numerical representation
and must be homomorphic (a unique set of parameters is matched to only one shape in
the design space and vice-versa [148]). Parametrization must also be informative (to al-
low for the prediction of the desired KPIs), intelligible (to allow for interpretation and
test the physical plausibility of the results), and synthetic (it must not contain redundant
information) [200]. Parameter ranges should be defined based on domain knowledge by
domain experts to construct a shape design space large enough to allow for meaningful
modifications and small enough to allow for its actual manufacturing [70, 98]. KPIs should
well characterize the performance of the geometry. They can be both explicit (e.g., drag
of a hull or lift and drag of an airfoil) or implicit (e.g., the range of the parameters can
impose the fact that some geometries should not be explored since they are too hard to
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manufacture) [36, 58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261]. Parametrization
and parameter ranges affect both the complexity of estimating the KPIs (see Section 2.2)
and the effectiveness of the optimizer in finding designs that can be actually manufac-
tured [224]. In fact, if we rely solely on CFD to explore a large design space, it is often
tricky to calibrate the simulations accurately. If instead, we use a CFD DDS on a large
design space, a vast amount of data is necessary that can be hard to retrieve (i.e., relying
on EFD data) or computationally expensive to produce (i.e., relying on CFD simulations).
For these reasons, Step (1) usually starts with the design requirements, mission profiles,
mission constraints, and design constraints that define a raw starting point for the design
process [7, 105]. It is not possible, nor meaningful, to think about a fully automated design
process that does not exploit the domain and expert knowledge such as reference geome-
tries and manufacturing constraints [7]. The level of human intervention in this phase
depends on the type of project, its cost, its scope, and delivery time [46]. Note that these
steps deeply influence the quality of final results: a well-constrained design process will fa-
cilitate the success of the next steps [36, 58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261].
As we will see later in Section 2.2.1, a number of approaches to parametrization exist in the
literature, either based on modeling shapes in parametric design software [98, 140, 158] or
deforming a specific parent shape [36, 70, 82, 140, 156, 260], with both approaches having
varying degrees of human intervention and their associated strengths and weaknesses.

Step (2) deals with the accurate estimation of the desired KPIs based on the shape
parameters defined at Step (1). In order to perform an accurate estimation, high-fidelity
CFD [59] (e.g., Direct Numerical Simulation if computationally feasible [204], or an en-
gineering approximation using Reynolds-averaged Navier—Stokes equations [19, 36, 140,
151, 156, 158, 172, 185, 218], or Large Eddy Simulation [16]) is needed, but its computa-
tional requirements are incompatible with an automated optimization process that usually
requires several thousand shapes to be evaluated [73, 118, 209] (see Step (3)). In fact, high-
fidelity CFD are based on iterative methods to solve the underlying physics of the problem
at hand and require a significant computational effort [85, 118, 135, 243]. Low-fidelity CFD
are much cheaper in terms of computational requirements [130], but most of the time much
less accurate with respect to high-fidelity CFD [212] and still much more computationally
demanding with respect to the DDS [85]. In fact, the DDS relies on a simple idea: instead
of depending on physical knowledge of the phenomena to make predictions, a model is
built based on examples (data) of the input/output (parameters/values or parameters/KPIs)
relationships [114, 125] under exam leveraging state-of-the-art Artificial Intelligence (AI),
and especially Machine Learning (ML) techniques [5, 80, 202]. The positive aspects of the
DDS lie in the fact that the predictions are computationally inexpensive since the function
approximating the input/output is cheap to evaluate. For this reason, DDS models have re-
cently attracted the attention of researchers as accurate and computationally inexpensive
surrogates of high-fidelity CFD [36, 58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261].
However, this advantage comes with a price. In fact, building a DDS is both data de-
manding and computationally expensive [85, 118, 135, 243]. For what concerns the data,
in-field data requires performing trials [15, 147] (taking months), EFD data requires model
scale tests [70, 98, 122] (taking weeks), and CFD data requires computationally expensive
simulations [36, 58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261] (taking days). More-
over, building a DDS based on this data requires computationally intensive procedures,
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the so-called training phase, which comes with its own computational burden (taking
hours) even if this burden is negligible with respect to the one needed to generate or
collect the data [253]. The key advantage of the DDS is that once it is constructed, the
forward phase time is negligible (milliseconds or less), enabling its use with any state-
of-the-art numerical optimizer [183, 191, 226]. For this reason, in Step (2), a few specific
and representative shapes are sampled, based on human experience or through more com-
plex strategies [9, 12], from the design space and fed into the CFD to produce the related
data, which is added to possibly already existing data (e.g., in-field or EFD data). This
step aims to build a representative dataset of examples to train the DDS [36, 58, 84, 90,
140, 145, 156, 158, 172, 185, 207, 218, 261]. The more representative the input/output re-
lation dataset is, the less data is needed for the DDS [202]. Consequently, there are both
theoretical and practical reasons to pay appropriate attention at this stage. Theoretically,
the database contains the phenomenon we want to learn, and careful consideration re-
garding the geometry sampling and KPIs estimation is required to capture the desired
behavior. Building a representative dataset with a smart sampling strategy is an impor-
tant and challenging problem per se [9, 12] and in this survey, we will review the most
exploited strategies in the context of hulls and airfoils shape optimization leveraging CFD
DDS models (see Section 2.2.2). Practically, an extensive CFD campaign is often required
to build the database, which demands a significant amount of time and computational re-
sources [36, 58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261]. In an ideal world we would
rely on already available data (e.g., historical experimental campaigns or simulation) for
the dataset to circumvent this challenge. However, at present, this is not always possible
due to the lack of historical data and the reliance on very specific parametrizations and
parameter ranges that are unique to their particular investigation [36, 70, 82, 140, 156].

In Step (3), we leverage the outputs of Step (1) and Step (2) to automatically search
for optimal candidate geometries. For this reason, we are mainly concerned with two
connected problems: (i) the formulation of the objective function we want to optimize
and (ii) the formulation of the constraints we will apply to the objective. In the context
of shape optimization of hulls and airfoils, the objective function is a multi-objective one
composed of all the KPIs we want to optimize. Some of these KPIs will be simple functions
of the shape geometry parameters (e.g., the volume of a hull), while others can be more
complex functions needing a CFD DDS (e.g., the airfoil’s drag and lift coefficients). The
constraints, instead, are derived from the domain knowledge and represent the fact that
not all the parameter space, defined at Step (1), correspond to a feasible shape (e.g., due to
cost considerations [246], performance constraints [36, 58, 84, 90, 140, 145, 156, 158, 172,
185, 207, 218, 261], manufacturing constraints [107], or regulatory constraints [108]).

It is worth mentioning that formulating the constraints may also require the com-
putation of complex quantities via a CFD DDS. To deal with the multi-objective nature
of the problem, the most common approach is to replace the multiple objectives with a
weighted sum of the different objectives [62] but also other approaches exist [11, 23, 49,
62, 73, 114, 125, 130, 135, 230, 243]. In this way, the problem becomes a constrained single-
objective optimization problem that can be solved with state-of-the-art optimizer [23,
127, 153, 183, 191, 215, 226]. Note that, nowadays, optimizers can also be empowered
with Al-based techniques [215], which allows them to reduce their computational re-
quirements or improve their effectiveness in finding good solutions. Nevertheless, given
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the multi-objective nature of the original problem, it is required to create the so-called
Pareto frontier allowing to find the set of all Pareto efficient solutions [23, 62], namely
all the solutions for which is not possible to find more than one objective better than
the one of the solutions itself. To tackle this problem, usually, multiple single-objective
optimization problems need to be solved (e.g. single-objective problems resulting from
the weighted sum of the different objectives of the original multi-objective problem with
different configurations of the weights [62]) resulting in additional computational over-
head [36, 58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261].

The last step, the Step (4), is probably the most important one not just because it takes
the output of all the previous steps to produce a candidate shape but because it also pro-
vides feedback and refinements for previous steps able to empower them [73, 130]. In fact,
by exploiting shape design preferences from experienced designers’ expertise, it is possible
to choose some candidate shapes on the Pareto front, potentially exhibiting the best trade-
off between the KPIs for the specific application. This choice obviously does not conclude
the design process. In fact, these new shape designs (i) must be physically plausible (e.g., it
is actually possible to manufacture them and it is cost-effective) and (ii) must actually pro-
vide the required performance. This can be verified with different levels of accuracy [70,
98, 129]. In the first level, high-fidelity CFD are used since they can surely be exploited to
study a few candidate shapes [36, 58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261]. Then
a model scale test can be performed to confirm the CFD [70, 98]. Finally, a field trial will
be performed to confirm the results of model scale and CFD results [157, 214]. If, during
this verification, inconsistencies are encountered, or the candidate shape does not exhibit
satisfactory performances, these results are used as feedback to modify and improve the
previous steps (e.g., modifying the parameter ranges in Step (1), improving the DDS accu-
racy by including more data in Step (2), or improving the definition of the constraints in
Step (3)). The procedure is repeated until a satisfactory design is obtained [73, 130].

In this review, it is not possible to consider all the publications in this vibrant field of
research due to the large volume of works. Hence, we defined criteria, taking inspiration
from [210], to narrow down the top publications according to

« problem category: we focus primarily on shape optimization of hulls and airfoils

but, at times, may also include some adjacent shapes;

« publication date: we focus on works published after the year 2015;

« publication quartile: we favor publications in journals belonging to the first quartile

(and in some specific cases also the second one);
« number of citations: we favor publications that have averaged at least three or more
citations per year since issuing.
Subsequently, we performed a critical review of the narrowed literature accompanied by
informative summary tables.

The rest of the review is organized as follows (see Figure 2.2). Section 2.1 contains the
problem formalization which is necessary to understand the survey. Section 2.2 presents
the analytical review on shape optimization of hulls and airfoils leveraging CFD DDS mod-
els following the four-step approach of Figure 2.1. Section 2.3 discusses the open problems
and future perspectives of this vibrant field of research. Finally, Section 2.4 concludes the
review.
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2.1 Problem formalization

The goal of shape optimization of hulls and airfoils is to find the optimal shape Q inaset
of possible ones D, where D are all the possible candidate geometries that we can explore
given, e.g., cost constraints, performance constraints, manufacturing constraints, or regu-
latory constraints. The optimality principle is guided by one or more KPIs depending on
the specific application, e.g., the drag of a hull [25, 29, 36, 60, 98, 128, 140, 156, 158, 216, 244,
260] or the lift and drag of an airfoil [58, 75, 84, 88, 90, 129, 145, 151, 172, 185, 207, 218, 261].
We then define, in Step (1), k KPIs as functions of a particular shape as follows

5(©Q) : D>Rie{l,,k},Qe D, (2.1)

and consequently, our final goal to optimize shape of hulls or airfoils can be formalized as
follows

min - J;(Q), -, (). (2.2)

Note that, Q is the actual 3D (or in some cases 2D) geometry, which, although technically
possible [117], is hard to handle/modify directly through human intervention because
there is a vast amount of possible modifications that can be made and it is preferable
to structure the modifications with a method that is logical, consistent, and repeatable [36,
58, 84, 90, 140, 145, 156, 158, 172, 185, 207, 218, 261].

For this reason, in Step (1) a particular parent shape QF is taken as reference geometry
and then Q € 2D are parametrized so that a modification vector x € R? can be applied to
QP according to a rule R to generate Q € 2 [19, 36, 58, 84, 90, 98, 140, 145, 151, 172, 185,
207, 218, 261]. Note that this leads to an approximation since

« R may not be able to generate all Q € D with x € R4 [36, 98, 151, 158];

« some x € R? applied to the rule R may generate Q ¢ 2D [19, 36, 58, 60, 84, 90, 98, 140,

145, 151, 172, 185, 207, 218, 261].
For the first problem, the trade-off between exploring more Q € 2 and increasing the
dimensionality of the parametrization, namely d, is determined by domain experts [36, 98,
151, 158]. For the second problem, some specific x € R? may lead to Q ¢ D [60], so we
always have to check for this consistency by adding constraints to x € R? [19, 36, 58, 84,
90, 98, 140, 145, 151, 172, 185, 207, 218, 261].

The modification vector x handles the modifications to QP easily, retrieving a particular
Q € D. So x is just instrumental. The elements in x must be independent because we
must be able to change every element independently from the others, i.e., two dependent
elements would result in a (d — 1)-dimensional modification vector. In order to define R, a
number of approaches exist in the literature, the two most common being boundary [74]
and domain-based parametrizations [197]. For the former, in its most naive form, R :
D xR - D can correspond to the displacement of coordinates on the surface of the
shape. Whereas, a domain-based parametrization considers a control volume around the
shape and the rule corresponds to the displacement of control points for a deformation-
based, e.g., a Free-Form Deformation (FFD) parametrization [197]. However, regardless
of the implementation, the rule Q = R(QF, x) must be homomorphic [247] and maps a
parent shape Q” € D into another one Q € D based on x € R%. For what concerns the
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homomorphism of R, what we require is a bijective homomorphism, namely
IR RYRQx),x)=Q,  VxeRY Qe D, (2.3)

or, in other words, a particular x € R? corresponds to one and only one modification of
Q € D and vice-versa. Consequently, Problem (2.2) can be reformulated subject to (s.t.)
the described constraints as follows

min  7,(Q), -, T(Q), (2.4)
x€R4

st: Q=R(QP,x),QeD.

Problem (2.4) remains mathematically and numerically challenging due to the complex
relationships between the 3D (or 2D) geometries and the specific KPIs of interest [73, 130].
For this reason, in Step (1), we need to make some further reformulations and approxi-
mations to the problem at hand. For the multi-objectives of Problem (2.4), namely J;(Q)
with i € {1, -+, k}, researchers formulate with different approaches (e.g., High/Low-fidelity
CFD [129]) a more or less accurate estimation of J?(x) given x (which varies during op-
timization) and R (which is fixed) [19, 36, 58, 84, 90, 98, 140, 145, 151, 156, 158, 172, 185,
207, 218, 261]. For the constraints, namely Q € 2 with Q = R(QP, x), researchers translate
them into simple box constraints on x when possible, i.e., | < x < u where L,u € R? and
I < u [36, 84, 140, 145, 151, 158, 172, 185, 218]. When this simplification is not possible
(e.g., we need to have constraints on physical properties of Q) researchers translate these
constraints into ¢t equality and/or ¢! inequality constraints over more or less accurate
functions of x that approximate the desired properties, namely I?(x) with i € {1,-,c'}
and ERX(x) with i € {1,-,cF} [19, 84, 98, 151, 156, 158, 185, 218]. As a consequence Prob-
lem (2.4) is reformulated as follows

min JFf(x),~~',JIF§(x), (2.5)
x€eR?

st: INx) <0,i€fl, -, c'},
ElR(x) =0,ie{1,-,cf}
[<x<u

Problem (2.5) usually raises computational challenges since, in order to compute some
of the J?(x) with i € {1,-,k}, IlB(x) with i € {1,--,c'}, and E?(x) with i € {1,-,cF},
the computational requirements may be prohibitive [85] (e.g., when using High-fidelity
CFD [129]). In fact, these functions often approximate the physical properties and phe-
nomena of Q and while in some case an accurate enough estimation can be found with
Low-fidelity CFD [128] (which require a comparatively low computational effort), in other
cases, High-fidelity CFD are mandatory to reach a desirable level of accuracy [150].

To address this problem, in Step (2), researchers propose to use DDSs. DDSs focus on
approximating a complex and computationally expensive function with another function
that is computationally expensive to construct but computationally inexpensive to evalu-
ate and is well suited to replace the ones in Problem (2.5) [19, 36, 58, 84, 90, 98, 140, 145,
151, 156, 158, 172, 185, 207, 218, 261]. In particular, given a complex and computationally
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expensive relation y : R? — R, in our case one element in the subset of {J I;(x), “ey le(x),
I?(x), - ISI (%), E?(x), e ESE(x)} that are computationally expensive to evaluate, and a se-
ries of n samples, namely a dataset, of the input-output relation &, = {(x1, ¥1), -, (xp, Y)}
where y; = p(x;) withi € {1, -+, n} we are able to generate a model f(x) which is computa-
tionally expensive to build since

« building this model from &,, using ML is computationally expensive [187];

« retrieving &, via CFD or EFD may be hard and is for sure computationally expen-

sive [25, 229]. In fact, EFD suitable for the particular design may not be available
due to its prohibitive cost [26, 176]. If instead we generate data via CFD, sampling a
representative set of geometries is already a challenge, and then evaluating the per-
formance of each geometry may take months due to the computational complexity
of the CFD simulations [26];
but computationally inexpensive to estimate since, for the vast majority of ML algorithms,
estimating f(x) takes fractions of milliseconds [39].

Upon initial observation, one might question the logic behind this approach. In fact, in
order to create the DDS we are spending a significant amount of computational power in
both creating &, with CFD simulations and f(x) based on &,,. It is easy to assume that this
computational power can instead be used to solve Problem (2.5) directly, leveraging CFD
simulations to estimate the complex relationships. This assumption is incorrect. In fact,
when solving Problem (2.5) even using state-of-the-art optimizers, it is not uncommon to
explore hundreds of thousands, if not millions, of values for x which may take years if we
were to rely solely on CFD for the performance estimation [26]. Instead, to build the DDS,
only a hundreds (maximum thousands) of samples are required for §,, needing only a few
months of CFD simulations while building f(x) may only take weeks [118]. Therefore,
the computational savings are in order of magnitude thanks to the DDS [85, 118].

The problem of building a DDS can be then divided into two main sub-problems

« collecting/generating &,;

« building the actual DDS.

Regarding the first sub-problem, collecting/generating &,, it is possible to rely on al-
ready available EFD of CFD data when possible [69, 118], but, in most cases, data needs to
be generated from scratch [19, 36, 58, 84, 90, 98, 140, 145, 151, 156, 158, 172, 185, 207, 218,
261]. In this case, the main problem is to decide how to sample the space induced by the
modification vector x, which is already quite a challenge, and for which several proposals
have been developed [9, 12].

Regarding the second sub-problem, building the actual DDS, it can easily mapped into
a now-classical supervised ML problem, particularly an ML regression problem [19, 36, 58,
84, 90, 98, 140, 145, 151, 156, 158, 172, 185, 207, 218, 261]. In regression, we have an input
space X' C RY composed of d features (in our case the modification vector), an output
space ¥ C R (in our case one of the subsets of {J';(x), Jz(x), I?(x), e ISI (%), E'f(x), e,
ESE (x)} that are computationally expensive to evaluate), and a series of n samples &, where
x; € X and y; € Y Vi € {1, -+, n}. The scope is to learn the input/output relation y : X — Y
based just on &,,. Generally, y is a probabilistic relation, but in our case, this relation is
induced by, e.g., CFD models, so it is deterministic [41]. An ML regression algorithm A,
characterized by its hyperparameters J¢, selects a model f inside a set of possible ones F
based on the available data A4 : S, x F — f.
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Various ML algorithms exist in the literature [21, 80, 202, 206]. However, according
to the no-free-lunch theorem [251], there is no a priori method for determining the best
ML algorithm and best hyperparameters for a specific application for a particular problem,
and the only option is to empirically test multiple approaches verifying which is actually
the best one. This phase is referred to as model selection [169]. Broadly speaking, there
are two main families of ML algorithms: shallow and deep models [80, 202]. For shallow
models, U is first mapped, by means of an handcrafted feature engineering phase [30] or
by means of a more or less elaborated procedure like the kernel trick [206], into a vector
$(X) € RY, named representation, able to well represent X while discarding the not useful
information [170]. For deep models, X is mapped into a representation ¢(X), but not
with a fixed procedure, as ¢ is parameterized and learned directly from the data [32, 137].
Shallow models are the top-performing approaches in the case of non-structured (tabular)
data while deep models are the top-performing approaches from structured (e.g., graphs
and sequences) data’. Moreover, deep models usually require significantly more data with
respect to the shallow ones to be trained [96, 137].

The error of f in approximating y is measured by a prescribed metric M : & — R.
For what concerns the M( f) many different metrics are available in literature [2, 205] both
quantitative (e.g., the mean absolute error, the mean square error, the root mean square
error, the coefficient of determination, and the mean absolute error in percentage to name
a few [2]) and qualitative (e.g., scatter plots of the real versus predicted metrics [205]). In
order to estimate the performance of the final model according to the desired metrics the
error estimation phase needs to be performed [169].

Finally, in order to give some insights on what the algorithms actually learned from
the data it is required to provide some explainability properties of the learned models [27,
57, 96]. For shallow models, feature ranking, namely how much the handcrafted features
actually contribute to the prediction, is one of the most effective tools [57]. For deep
models attention maps represent the state-of-the-art tools for explanations [91, 110].

At the end of Step (2) we obtain a new set of functions {jﬁ(x), e 32(x), frf(x), e isl (x),
E?(x), ESE(x)} which are the computationally inexpensive counterparts of {J ?(x),
J]Fi(x), IT(x), e ISI (), EFf(x), . ESE(x)} where, in some cases, we simply use the original
function (if computationally inexpensive) or a surrogate (if computationally expensive).
The result of this process is a reformulation of Problem (2.5) into the following one

;I;?RI} R, -, 32(x), (2.6)
s.t.: i?(x) <0,i€fl,-,c'}
ER(x) = 0,i € {1,-,c%},
I<x<u
Problem (2.6) is now computationally tractable and many approaches exist to tackle

it [19, 36, 58, 84, 90, 98, 140, 145, 151, 156, 158, 172, 185, 207, 218, 261] and Step (3) ex-
actly deals with this problem. The first challenge of Problem (2.6) is the fact that it is

'Results from the most popular machine learning website, Kaggle (https://www.kaggle.com/) show this to be
the case when using real-world data.
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characterized by multiple objectives. To deal with this challenge, multiple approaches ex-
ist [62, 145, 151, 156, 158, 172, 218]. Nonetheless, the vast majority of them reformulate
the problem as a single objective problem as follows

k
min Z Aij?(x) (2.7)
i=1

xeR?

st IRx) <0iefl, -, c'},
E?(x) =0,ie{l,-,ct}
[<x<u

where J; € [0, 1],Vi € {1, -+, k} are constants such that Zf-;l A; = 1 that weights more or less
a particular objective [62]. Varying A; Vi € {1, -+, k} in Problem (2.7) it is possible to find all
the possible solutions of Problem (2.6) [62]. Note that, among all of the possible solutions,
just some of them are actually meaningful: the ones on the Pareto front [138, 151], obtained
via the Skyline operator [138], namely, the solutions that are not dominated by any other
one according to at least one objective of Problem (2.6) [138, 151].

Problem (2.7) is now a computationally tractable single objective constrained optimiza-
tion problem, namely a standard optimization problem to be addressed [19, 36, 58, 84, 90, 98,
140, 145, 151, 156, 158, 172, 185, 207, 218, 261]. In general, Problem (2.7) is both non-linear
and non-linearly constrained [19, 84, 98, 151, 156, 158, 185, 218]. To address Problem (2.7),
many approaches exists [183, 191, 226] but they can be grouped in two main families

« Problem (2.7) can be relaxed, either globally or in iterative local stages, into a con-
vex formulation. This transformation enables the use of highly efficient algorithms
designed specifically for convex optimization. Specifically

- global convex relaxation reformulates Problem (2.7) into another problem which
tries to approximate it at best with a single convex objective and a series of con-
vex constraints [19, 84, 145, 185]. This approach is not always possible since
there is an obvious trade-off between accuracy of the approximation of Prob-
lem (2.7) and convexity of the associated resulting optimization problem [139];

— iterative local convex relaxation means that, starting from a point the domain
of Problem (2.7), the problem is locally approximated with a linear or quadratic
or convex objective and with a convex domain (defined by linear or quadratic
or convex constraints). Then, the solution of this convex problem is used as
a new starting point, and the steps are repeated until convergence to a local
minima [191]. To improve the quality, a multiple starting point approach (col-
loquially, multi-start), is adopted [185];

« Problem (2.7) is directly addressed with optimizers that can directly handle non-
linear and non-linearly constraint optimization problems [36, 140, 151, 158, 172].
Examples of these algorithms are the evolutionary algorithms [226].

Finally, Step (4) focuses on checking the physical plausibility of the solutions on the
Pareto front of Problem 2.7. In particular, it is important that these solutions do not de-
generate into a physically implausible one due to the many different approximations that
stem from Problem 2.2 to Problem 2.7 (i.e., due to parametrization in Step (1), surrogation
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in Step (2) [27, 41, 47, 116], and optimization in Step (3) [19, 36, 70, 84, 98, 98, 129, 140, 145,
151, 156, 158, 172, 185, 218]). This check is usually performed in two stages.

The first stage of checks is performed during surrogation in Step (2) [27, 41, 47, 116].
In fact, surrogating CFD with a DDS may lead to a loss in physical plausibility due to the
fact that the DDS can take shortcuts [27] hidden in the data in order to learn the desired
relation [41, 47, 116]. This is extremely counterproductive when DDSs are exploited in op-
timization since these shortcuts can trick the optimizers into solutions that are physically
implausible [41]. Therefore, it is worthwhile to check the DDS for physical plausibility by
means of two approaches

« the first, is to challenge the DDS into solving increasingly complex extrapolation
scenarios [41, 47, 116, 239]: the DDS is first trained on a subset of data that repre-
sent particular physical conditions (e.g., low cruise speed when predicting the hull
resistance) and then tested for accuracy in a different physical conditions (e.g., high
cruise speed when predicting the hull resistance). A high accuracy in challenging
extrapolation scenarios increases the trust in the DDS and checks for hidden short-
cuts in the data [41, 116, 239];

« the second one is to inspect the behavior of the DDS through explainability, that
tries to open the black box [76] of the DDS for an expert to check the learned rela-
tion [162].

The second stage of checks is performed during optimization in Step (3) [19, 36, 70,
84, 98, 98, 129, 140, 145, 151, 156, 158, 172, 185, 218]. In particular, given the solution
of the Pareto front, they are checked for physical plausibility and quality by a series of
increasingly complex, time consuming, and costly procedures [19, 36, 70, 84, 98, 129, 140,
145, 151, 156, 158, 172, 185, 218]. The first one is a check by a human expert who searched
for implausible or non-manufacturable features of the geometry [19, 36, 84, 98, 140, 145,
156, 158, 172, 185, 218]. This step is crucial since it allows both to verify the quality of the
pipeline and gives insights to experts on ideas for geometries that can be reused in other
projects. Then, once this step is passed, the geometries are verified to have the desired
performance via CFD [19, 36, 84, 98, 140, 145, 156, 158, 172, 185, 218]. This check actually
gives insights on both parametrization in Step (1)(e.g., the ranges were too tight/loose
or the parametrization too rough/detailed), surrogation in Step (2) (e.g., some degenerate
solution or inaccuracy of the DDS are discovered), and optimization in Step (3) (e.g., some
approximations during optimization were too imprecise). If the CFD checks are passed,
EFD are checked [70, 98, 122]. If also EFD checks are passed, sea trials are performed [15,
147]. At each one of these checks, significant human intervention is required to discover
issues, criticalities, and provide feedback to the previous step for improvements [15, 19,
36, 70, 84, 98, 122, 129, 140, 145, 147, 151, 156, 158, 172, 185, 218].

2.2 Literature review

This section will report the actual review of the current literature on the four main steps
described in Section 2.1, summarized in the graphical abstract reported in Figure 2.1,
and structured as depicted in Figure 2.2. Specifically, Section 2.2.1 reviews Step (1), Sec-
tion 2.2.2 reviews Step (2), Section 2.2.3 reviews Step (3), and Section 2.2.4 reviews Step (4).
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2.2.1 Step (1) Shape parametrization, parameter ranges, and KPIs

definition
As previously described, Step (1) mainly deals with three aspects: parametrization, pa-
rameters ranges, and KPIs definition that will be reviewed in this section. We will also
summarize the main work in the literature according to the most critical aspects identi-
fied during the review of the three main aspects related to Step (1).

Parametrization

Parametrization deals with translating the modification of a particular parent geometry
(e.g., a hull or airfoil) into a numerical representation through a modification vector. The
dimensionality of the modification vector, in coordination with the parameter ranges, de-
fines the shape design space.

In general, it is possible to find two dominant approaches to parametrization in the

literature

« Boundary-based parametrization: concerns parametrizing the boundary of the shape
based on splines or physical attributes (e.g., length, breadth, depth, etc.) to drive the
design;

« Deformation-based parametrization: concerns parametrizing the domain surround-
ing a parent geometry and uses non-physical descriptors to describe modifications
from the parent shape (e.g., Free-Form Deformation).

Both of these approaches are demonstrated in Figure 2.3.

Boundary-based Parametrizations Boundary-based parametrizations exist in many
forms in the literature. Every parametrization is specific to the considered shape.

For airfoils, it is possible to parametrize a geometry with the Class/Shape function
Transformation (CST) approach [131] demonstrated in [84]. Similarly, the Hicks-Henne
approach [145, 152] enables the parametrization of an airfoil with 2+25 design variables.
Whereas the PARSEC-11 approach [211] (leveraged in [185]) describes an airfoil with 11
parameters (shown in Figure 2.3a) by defining: the leading edge radius (r;.), the upper and
lower curvature (Zx ) and Zxxj, respectively), the coordinates of the lowest point on
the XZ plane (X),, Z},), the coordinates of the highest point on the XZ plane (X, Z,)),
the wedge angle (frg), the trailing edge angle (arg), the height of the trailing edge (Zrg),
and finally, the trailing edge thickness (AZrg).

The most dominant boundary parametrizations for hulls and airfoils are curves or para-
metric models, or a combination of both. Parametrizations based on curves [142, 239, 242,
257], for example, Bezier curves [52] and Non-Uniform Rational B-Spline (NURBS) [203,
258], develop a relationship between the design parameters and the feature curves that
define the geometry (either through control points or another functional relationship). It
is worth mentioning that shape parametrizations based on this approach can lead to high
dimensional parameter representations for complex geometries, and while there is a clear
benefit to increasing the size of the shape design space, the resulting parametrization re-
quires larger computational efforts with regard to the construction of a dataset and the
optimization (see Sections 2.2.2 and 2.2.3). For this reason, the number of free parameters
following this approach is usually reduced to around 6+14 in the referenced works, and the
performance of the DDS models is between ~ 2+4% [142, 257, 258]. However, preserving
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(a) Boundary-based parametric model of an airfoil utilizing the PARSEC-11 parameters [211].

(b) Domain-based (e.g., FFD) parametrization of a hull with both global and local CVs.

Figure 2.3: Boundary and Domain-based parametrizations.
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physical relevance in the parametrization scheme allows the geometries to be easily re-
constructed from their parametric representations and the importance of each parameter
remains intuitive [142, 143, 180, 257]. Maintaining the physicality of the parameters has
a key advantage for reconstructing the geometry and preserving the knowledge obtained
through shape optimization. Additionally, when the physical attributes of the model are
used in the parametrization, it becomes easier for the human-machine interaction and to
interpret the results of the optimization. The referenced works [98, 161] include using
physical attributes in the parametrization and found performance increases of ~ 2+9%.

Domain-based Parametrizations Domain-based parametrizations [74] involves the
definition of Control Volumes (CVs) on the geometry and can be placed on local areas of
interest (i.e., the bulbous bow of a vessel hull [82, 260]), globally (i.e., covering the entire
geometry), or in multiple parts to investigate a shape design space that covers global and
local influences [156]. Figure 2.3b shows a hull with CVs defined over both global and
local regions.

FFD [197] is a popular and effective choice for domain-based parametrizations as
demonstrated in a number of studies [36, 51, 82, 97, 156, 244, 260, 260]. During this ap-
proach, a CV is defined on a parent shape, which is characterized by a number of control
points, and the shape modification rule is directly related to the displacement of one or
more control points. Often control points will be grouped together in the CV using a sim-
ple function (e.g., linear, quadratic) [51] to displace a group of control points according
to a single parameter. This grouping of control points reduces both the dimensionality of
the parametrization and the likelihood of inducing physically implausible designs.

In general, the referenced works were able to exploit deformation methods to optimize
complex shapes based on the specified KPIs, and achieve performance improvements rang-
ing from approximately ~ 2+12%. However, the key drawback of this approach is the re-
lation between deformation parameters and their physical meaning to the original shape.
Consequently, without careful tuning of the parametrization scheme through human in-
tervention, there is a tendency for domain-based parametrizations to induce physically
implausible designs which is often dealt with by imposing strict constraints on the design
space (i.e., making very small modifications [97, 98, 156]) or via constraints based on a
physical property of the shape [98, 156]. Furthermore, each parametrization scheme is
unique to the parent shape and the specific domain. Consequently, it is not possible to
generalize the findings from a deformation-based optimization into physically meaningful
information that can be used in other shape optimization tasks.

Ranges

The parametrization used in shape optimization must meet several, sometimes conflicting,
requirements. For instance, it should be sufficiently informative to predict geometry KPIs,
be homomorphic, and avoid containing redundant information. The parameter ranges
(in coordination with the parametrization dimensionality) define the shape design space
around the parent design that the optimizer can explore to find the best candidate. Making
the ranges suitably large is important to ensure an optimal candidate in the shape design
space. However, too large ranges combined with too many features in the parametrization
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can suffer from the curse of dimensionality [8] and prevent the optimizer from finding the
best design in an adequate time.

For what concerns the ranges in the referenced works, exploring airfoil designs in 2-
dimensions makes this task simple: as the parameter ranges are bound within the XZ
plane, the design space is bound within the interval [0, 1] along both axes (i.e., [0,1] x
[0, 1]) [218].

For hulls, the ranges are more complex because the shapes are modeled in 3 dimen-
sions instead of 2, and constrained more rigorously to reduce the likelihood of inducing
infeasible designs (see Section 2.2.3). Additionally, because it is easy to induce infeasible
designs, the parameters ranges are kept deliberately small in practice. This restricts the
admissible space around a known feasible design and reduces the likelihood of the DDS
inducing the optimizer into physically implausible candidate shapes.

KPIs
In most cases where the shape optimization aimed to minimize the energy requirements,
the KPIs were obtained directly from the CFD model [19, 36, 84, 98, 158] (i.e., lift, drag,
or both) or through coefficients derived from the output of the CFD model such as the
Coeflicients of lift and drag (C; and Cp, respectively) [145, 151, 172, 185, 218]. Other KPIs
were also demonstrated for investigations for priorities outwith minimizing the energy
requirements. The heat flux (Q) was minimized on the jet thermal protection system [172]
to improve safety and performance. The stall angle of an airfoil was maximized in [185]
to improve performance. The coefficient of discharge (Cpc) was optimized for the exhaust
nozzle.

It is also worth mentioning that KPIs are often solved for different operating conditions,
e.g., velocity [156], Mach number® (Ma) [218], or Froude Number® (Fr) [36, 98] according
to the design requirements of the specific application.

Summary
Based on the review performed in this section we reported in Table 2.1 the most important
works which deal with Step (1) considering the main different critical and fundamental
aspect that raised during the review process

« Parent Geometry: the shape subject that has been optimized,;

« Param.: the parametrization method leveraged;

« Param. Dim.: the dimensionality of the parametrization;

« Rule: the implementation of the parametrization;

« Ranges: the size of the shape design space;

« KPIs: the KPIs that that works decided to optimize.

*The Mach Number is the ratio between the flow velocity and the speed of sound.
*The Froude Number is the ratio between the flow inertia and the gravitational forces, and is proportional to the
velocity.
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Summarizing Table 2.1, the critical aspect of Step (1) is to create a suitably large shape
design space (in terms of dimensionality of the parametrization and the parameter ranges)
so that an optimal design exists while ensuring the relationship between the parameters
and KPIs can be easily captured in the ensuing steps. It is worth mentioning that while
the shape design space is unique for each of the investigations, it is still meaningful to
look at the state-of-the-art approaches to constructing the shape space for each parent
geometry. For air/hydrofoils the referenced works usually relied on parametrizations with
a dimensionality of 5+17 [19, 172], while for hulls there were usually 5+7 [36] parameters.

2.2.2 Step (2) Sampling, data generation, and DDS construction

Step (2) deals with three aspects: sampling techniques for the candidate geometries (Sec-
tion 2.2.2), data generation with CFD (Section 2.2.2), and CFD DDS (Section 2.2.2) for the
accurate estimation of the desired KPIs based on the shape parameters defined in Step (1).
Section 2.2.2 will summarize the main work in the literature according to the most critical
aspects identified during the review of the three main aspects related to Step (2).

Sampling Techniques
In the referenced works, there are two favored approaches to sampling. The first one
is Latin Hypercube Sampling (LHS) [9, 225] where a multidimensional space is defined
either randomly or structured so that the samples are distributed through all of the dimen-
sions. The second one, which is the Full Factorial (FF) Design of Experiments (DoE) [12],
involves constructing the full distribution of every possible factorial and then drawing
(randomly) from that space. The LHS approach have been previously used in [19, 36, 84,
98, 156, 158, 185] and is overwhelmingly the preferred choice to fill vast multidimensional
design spaces. It is also worth mentioning that Orthogonal Sampling (OS), which extends
the principles of the LHS DoE, is also demonstrated in the literature [172]. The key differ-
ence between LHS and OS lies in the fact that OS specifically aims to uniformly distribute
samples across the dimensions of the design space, making it a more structured approach
compared to LHS and is reported to require less samples than LHS to well-represent the de-
sign space [172]. On the other hand, the FF DoE approach is also an effective choice [39].
The difference between LHS/OS and FF DoE is important because the LHS/OS involves
drawing the samples from a distribution which is a subspace of the one we use in the case
of FF DoE. In fact, no matter how many samples we draw to form the LHS/OS subspace,
this distribution is fixed, whereas we can keep re-sampling from the FF approach without
drawing from a separate distribution. Beyond LHS, OS, and FF DoE, it is worth mention-
ing that other sampling techniques exist and are demonstrated in the literature. In [140]
authors employ the Sobol sampling method which is a method designed to space out sam-
ples more evenly than drawing from a purely random distribution. Additionally, in [218],
authors leverage Gibbs sampling method based on Markov Chain Monte Carlo methods.
Apart from the sampling technique, it is also worth considering the proportion of the
design space that is sampled to build the DDS. Obviously, this problem is dependent on
the task at hand and depends not only on the dimensionality of the design space but also
on the sensitivity of the model to changes in the design parameters (i.e., the complexity of
the underlying phenomenon). Therefore, from the referenced works, we can only deduce
heuristics in relation to the dimensionality of the problem and the task at hand. The best
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DDS (i.e., that could approximate the output of the HF model with an error of just a few
%) have a ratio p of

number of samples

P= dimensionality of the parametrization @8)
of minimum 65 [19] and more typically 300500 [158]. Furthermore, in [36] the authors
show the effect of the number of samples on the accuracy of the DDS. They found that
when using a p ratio of between 4+8 the accuracy of the DDS was relatively stable. How-
ever, the DDS accuracy was significantly improved when the p ratio was increased to 17
which is in line with expectations.

Data Generation with CFD

Regarding the data needed to develop the DDS we need to leverage CFD to estimate the
KPIs defined in Section 2.2.1, for each of the sampled geometries defined in Section 2.2.2,
based on their corresponding parameters value defined in Section 2.2.1.

In general, there is a wide degree of fidelities that can be obtained by using different
CFD models. On one hand, Reynolds Averaged Navier Stokes (RANS) [10, 93] models are
usually considered the gold standard High-Fidelity (HF) approach and can also include
unsteady/turbulent extensions, but even this method can vary in trustworthiness [212] and
fidelity [129]. On the other hand, Low-Fidelity (LF) models, e.g., boundary methods [31,
83], are much less accurate but can still make useful inferences for shape optimization
problems.

Aerodynamic modeling using RANS CFD was demonstrated in [84, 151, 172, 185] and
an LF approach (Euler methods) in [145]. Hydrodynamic modeling using RANS CFD was
demonstrated in [19, 36, 156] and LF models, e.g., Neumann—-Michell (NM) [166] were ap-
plied in [156] to reduce the computational complexity of an HF CFD model, and Boundary
Element Method (BEM) [31, 83] is also an effective choice of model [39] if it is accurate
enough for the problem at hand. Additionally, a multi-fidelity approach to shape opti-
mization was proposed in [218] where the authors used a limited number of HF samples
(5) and 19 LF samples to fill the design space.

One of the key concerns for the CFD models regards the validation of the ground
truth and, subsequently, the trustworthiness of the data. CFD models are often validated
on experimental data [19] which is the preferred method for validating virtual experi-
ments [212]. Additionally, there are methods for validating mesh convergence during
independent studies to improve the reliability and trustworthiness of the CFD [150, 212].

Regarding the accuracy of CFD models for shape optimization, the referenced works
employed various methods depending on the problem at hand. For the resistance predic-
tion or airfoils and hull forms, it is clear that HF RANS models are the favored tool, and
the best models out of the referenced works (i.e., those characterized by DDS that could
approximate the output of the HF model with a small error 1+5%) typically used the un-
steady RANS CFD simulations with turbulence [19, 156, 158]. This is explained by the fact
this model determines a more accurate representation of the underlying phenomenon to
capture the relationship between shape and performance accurately.

It is also worth mentioning that it is possible to develop the database using both LF and
HF data, as was demonstrated in a couple of works [84, 140], but some careful considera-
tion is required in this case. Too little HF data leads to an LF dominant DDS characterized
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by insufficient accuracy for shape optimization. Too much HF data does not allow the LF
data to play its part [140]. Although, if the correct balance between HF and LF is struck
the variable fidelity approach can outperform single fidelity [84]. For this reason, and
according to the current literature on the topic, single-fidelity sampling is the preferred
approach for DDS-based shape optimization [19, 36, 98, 140, 145, 151, 156, 158, 172, 185].

CFD DDS

For the referenced works, the problem of building a DDS based on the data generated as
described in Section 2.2.2 can be considered a conventional ML multi-output regression
problem [202]. In this context the inputs of the regression problem are the vector of pa-
rameters that characterize the geometries (Section 2.2.1) and the outputs are the desired
KPIs to estimate (Section 2.2.1).

The ML pipeline to address a multi-output regression problem consists of three main
parts

« data-cleaning and data normalization [33, 69, 82, 87, 106];

- model development [19, 36, 80, 84, 98, 140, 151, 156, 158, 172, 185, 202, 206, 218];

« model selection and error estimation [169].

In the first phase, data are, mostly manually, explored and checked for inconsistency/out-
liers [33, 87]. This phase is useful to check for errors in EFD measurements or failures in
CFD simulations [69, 82]. Subsequently, to avoid numerical issues, data is normalized.

In the second phase, a series of algorithms, shallow and/or deep, are chosen together
with the range of their hyperparameters to learn the input-output relation [80, 202, 206].
In this setting, shallow models are preferred since they are less data-hungry [96, 137] and
better suited for the tabular data that mostly characterizes the problem at hand [19, 36,
84, 98, 140, 151, 156, 158, 172, 185]. When input data are more structured (e.g., the input
represents the actual 2D or 3D geometries), or we have a huge amount of data, deep models
are preferred [3, 248, 249].

The third and final step is the model selection and error estimation phase [169]. Model
selection is devoted to the selection of the optimal algorithms and associated hyperparam-
eter [36, 39, 98, 169] while error estimation is devoted instead to providing an estimation
of the future performance of the final model learned with the best optimal algorithms and
associated hyperparameter on the available data [39, 169].

In the following paragraphs, we will review the use of shallow and deep models and
how model selection and error estimation are actually performed in the current literature.
We will not focus on data-cleaning and data normalization since this part is heavily hand-
crafted and usually not detailed in the works.

Shallow Models Gaussian Processes Regression (GPR) were leveraged in [19, 36, 84,
158, 172, 185, 218, 244] and specifically the Kriging algorithm (which is a type of GPR) was
seen in [84, 158, 185, 244]. For what concerns the problem at hand, this approach treats
the model parameters as random variables and thus determines a probability distribution
for each parameter [18]. Since GPR is non-parametric, this approach is not concerned
with the ability of a single function to fit the data but instead calculates the probability
distributions according to all of the functions that can fit the data [184]. This means we
have to specify a prior to bound the specific functions we consider. For the case of GPR,
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the prior distribution is a Gaussian [164]. The posterior distribution is then obtained by
looking at the data and determining the probability distribution based on Bayes’ theo-
rem [184]. In [36, 158, 172] the authors opt to use the Radial Basis Function (RBF) with
two hyperparameters [196]: A (the length-scale) and o (the signal variance), to map the
data into a higher dimensional space where a linear solution exists to the problem at hand.
Kriging and GPR are interpolation algorithms based on Gaussian processes and focused
on fitting a function into every point in the data. For the construction of a DDS, the fact
GPR passes through every point in the data set may be a useful attribute when the learn-
ing paradigm is focused within the bounds of the data (in re interpolation scenario as
discussed in Section 2.1). On the other hand, this characteristic may pose some problems
when it comes to extrapolating outside the training data in comparison to algorithms that
are designed to generalize (the extrapolation approach). In the referenced works, which
mostly addressed constructing the DDS to interpolate within the bounds of the database,
the accuracy of the models was often characterized by 1% of Relative Error in Percentage
(REP) and R? > 0.9 [19, 36] which suggests this approach is well suited for interpolating
within the bounds of the experiments even when dealing with very complex functions.

Kernel methods [206], were used in [98, 158, 239]. Kernel Ridge Regression (KRR)
was used in [98, 239]. Additionally, Support Vector Regression (SVR) [45] was leveraged
in [158]. In both KRR and SVR it is possible to exploit kernel functions to learn a model
for very complex functions [72, 231] although the kernel and model hyperparameters (y,
A) [170] must be tuned according to an appropriate MS procedure [169]. When kernel
methods were used to construct a DDS for the interpolation scenario within the bounds
of the database, the accuracy of the surrogates was similar to the Bayesian GPR with the
scatter plots [205] showing a good agreement between the real versus predicted resis-
tance [98, 158].

Ensemble Methods, demonstrated in [239], are tree-based algorithms that group week
predictors to generate robust ensembles. Random Forest (RF) [21, 171] is based on ran-
domly sampling a subset of the training data to build different trees and averaging the mod-
els” outputs to reduce variance and improve performance. Alternatively, XGBoost [28], in
contrast to RF, builds models sequentially, where each new tree attempts to correct the
errors made by the previous ones. This technique gradually leads to improved model per-
formance.

Shallow Neural Networks (SNNs) [80] are a versatile set of algorithms [1] that leverage
different optimizers, e.g., backpropagation (BP) [24], ADAM [126], Levenberg—-Marquard
(LM) [132], etc., to train models containing neurons layered in a structure that resembles
the human brain [155]. Basically, SNNs are Kernel Methods where the kernel is not fixed
a priori but learned from the data [5, 80]. SNNs are widely adopted for their ability to
perform well even on complex functions [95] and were used in [151, 218]. The referenced
works found that SNNs worked well with a significant proportion of samples [151] and
were able to learn a number of complex relationships [151] but were superseded by other
approaches when the number of samples was low, e.g., in [218]. Another network based al-
gorithm, based on the SNNs, is the Extreme Learning Machine (ELM) [56] used in [39, 239].
The approach of the ELM is very similar to Kernel Methods but the kernel is generated
randomly (random projection) [101]. In [39], authors found the ELM was able to construct
an effective DDS to predict the hydrodynamic response of a submersible substructure in
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both an interpolation case (working within the bounds of the data) with a Mean Absolute
Percentage Error (MAPE) of 3.75% and an extrapolation case where the DDS was evaluated
using data outside the scope of the original problem with a MAPE of 5.78%.

Deep Models Since data for shape optimization of hulls and airfoils data are quite scarce
in research, DDS based on deep models are not commonly used. A Deep Neural Network
(DNN) based DDS was investigated in [218] where they used a database of 28 airfoils and
reserved 4 geometries for testing. The REP using the DNN was 4.38% which was worse
than using kriging (2.39%) for the DDS designed to interpolate within the boundaries of
the database. However, authors of [208] demonstrated a DNN trained on the NACA airfoil
dataset to predict the viscous flow field around the airfoil design. Results indicated that a
highly accurate prediction can be obtained when sufficient data are available. Additionally,
since the DNN is trained to predict a series of functions, it is invariant to the input space.
Thanks to this particular property, authors show that the DNN can work with both low
and high dimensional shape parametrizations without the need for retraining.

Model Selection and Error Estimation One of the main lacks in current research is
that the model selection and error estimation phases are often undocumented or incom-
plete in the referenced works. This lack has been raised before in research [39]. On occa-
sion, authors do not report the accuracy metrics on the error estimation which makes it
difficult to evaluate the DDS [151]. On the other hand, some of the referenced work [98,
156, 158] presented scatter plots [205] to illustrate the performance of the DDS models
instead of conventional accuracy metrics. In the referenced works, different statistical
approaches were used for the EE: a Monte Carlo (MC) simulation was used in [98], Leave-
One-Out (LOO) repetition was used in [36], and K-Fold Cross validation (KCV) was used
in [36, 39].

Summary
Based on the review performed in Sections 2.2.2, 2.2.2, and 2.2.2 we reported in Table 2.2
the most important works which deal with Step (2) considering the main different critical
and fundamental aspect that raised during the review process

« Parent Geometry: the shape subject that has been optimized,;

« Sampling: the strategy exploited and the number of samples drawn from the design

space;

« CFD: the method(s) used for data generation;

« DDS: the algorithm(s) exploited to build the DDS(s);

« KPI: the KPI(s) informed by the CFD and estimated by the DDS(s);

« Performance: the performance of the DDS(s).
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2.2.3 Step (3) Shape optimization
Step (3) deals with mainly two aspects: the definition of the optimization problem (as
previously described in Section 2.1) to define objectives and constraints (Section 2.2.3)
and then the choice of the optimizer (Section 2.2.3). Section 2.2.3 will summarize the main
work in the literature according to the most critical aspects identified during the review
of the two main aspects related to Step (3).

Objectives and Constraints

The optimality of particular hull or airfoil varies greatly depending on the specific applica-
tion and is assessed according to a number of different KPI(s). For the reasons described in
Chapter 1, shape optimization is usually concerned with minimizing the energy require-
ments of a candidate shape [19, 36, 84, 98, 145, 151, 158, 172, 185, 218]. Typically, the design
of the most efficient hull or airfoil is aimed at achieving minimal energy usage (i.e., efficient
fuel usage) which is particularly relevant given current global considerations [193, 254].
Therefore, when it comes to the objectives of shape optimization of hulls and airfoils we
are mostly concerned with minimizing the drag of a hull [25, 29, 36, 98, 128, 140, 156, 158,
216, 244, 260] or the lift and drag of an airfoil [58, 75, 84, 88, 90, 129, 145, 151, 172, 185, 207,
218, 261]. However, in addition to energy efficiency, various studies consider optimality
through the lens of maximizing safety [172] and performance [172, 185].

Considering the constraints applied to CFD DDS-based shape optimization of hulls
and airfoils, researchers and practitioners often prefer to bound the optimization problem
with simple box constraints [36, 84, 140, 145, 151, 158, 172, 185, 218]. This is certainly
a feasible approach when the parameter ranges are small [36, 140, 172]. However, this
is often not possible when the shape design space is quite large and filled with unfea-
sible or inadmissible shapes, because of the approximations during the parametrization
(see Section 2.2.1) [19, 36, 58, 84, 90, 98, 140, 145, 151, 172, 185, 207, 218, 261]. There-
fore, additional constraints are imposed based on the physical properties of the parent
geometry (e.g., thickness) or problem under exam (e.g., Angle of Attack - AoA ans static
stability) [19, 84, 97, 98, 151, 156, 158, 185, 218]. Imposing constraints based on the phys-
ical properties of the shape was shown to be particularly important when dealing with
parametrizations based on non-physical descriptors (e.g., FFD) [98, 156].

Optimizers and Performance

When it comes to the choice of optimizer the state-of-the-art approaches for CFD DDS-
based shape optimization belong to, broadly speaking, three main categories [183, 191,
226]: i) Gradient-based Algorithms [191], ii) Swarm Intelligence Algorithms [183], iii) Evo-
lutionary Algorithms [226].

Nevertheless, the Shape Optimization of Hulls and Airfoils problem mainly results in
a mixed-integer, non-convex objective, and non-linearly constrained optimization prob-
lems [19, 36, 58, 84, 90, 98, 140, 145, 151, 156, 158, 172, 185, 207, 218, 261] that reduces the
choices for optimizer selection [183, 191, 226].

Regarding Evolutionary Algorithms [226], Genetic Algorithms (GAs) [140] and vari-
ants [36, 151, 156, 158, 172, 239], are far and beyond the most popular algorithm in the
literature for solving hull and airfoil shape optimization problems. Investigations utilizing
GAs show they are particularly effective in mixed-integer, non-convex, and non-linearly
constrained problems, common in hull and airfoil optimization [36, 151, 156, 158, 172]. The
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core strength of GAs lies in their evolutionary-inspired mechanism to explore a broad spec-
trum of possible candidate designs. This approach iteratively generates new candidates by
combining characteristics from existing designs in the population [226]. The effectiveness
of this strategy to find optimal designs is shown in the referenced works leveraging GAs,
which found significant performance improvements of 7 + 10% [19, 36, 156]. However,
while evolutionary strategies are proven to be effective, this success comes with a price.
In fact, new candidate designs are introduced within the shape optimization by means of
combining traits from existing designs in the population. This strategy leads to a gener-
ating a significant proportion of infeasible and sub-optimal designs due to the complex
relationship between the shape design parameters and the candidate’s performance. For
this reason, GAs can be computationally demanding and may require significant time to
converge, especially in complex, multi-dimensional search spaces such as with the prob-
lem at hand.

Regarding Swarm Intelligence Algorithms [183], such as Particle Swarm [218] and
Artificial Bee Colony [98] optimization, were also demonstrated to be a popular and ef-
fective choice for solving hull and airfoil shape optimization problems. These algorithms
also excel in exploring complex search spaces, but in a fundamentally different way to evo-
lutionary approaches. Rather than combining different traits of candidates to form new
designs, Swarm Intelligence Algorithms leverage the collective behavior of a group of in-
dividuals or particles. In the case of Particle Swarm Optimization, each particle adjusts its
position in the search space based on its own experience and the best experiences of its
neighbors, mimicking the behavior of a flock of birds [183]. On the other hand, Artificial
Bee Colony Optimization, is inspired by the foraging behavior of honey bees, where a
number of potential solutions are explored and the information is shared within the opti-
mization [220]. The advantage of Swarm Intelligence Algorithms is the ability to quickly
converge to promising regions in the search space due to the collaboration among individ-
uals or particles. The referenced works found performance improvements on 10+15% [98].
However, Swarm Intelligence Algorithms have been noted to struggle in cases where the
search space is highly non-convex or contains multiple local optima [79].

Finally, regarding Gradient-based optimizers [19, 84, 145, 185], it is worth mentioning
that these algorithms are typically preferred for learning the weights of ML algorithms
rather than solving hull and airfoil shape optimization problems. However, in the refer-
enced works, they were shown to be an effective choice for some problems [19, 84, 145],
leading to performance increases of 7 + 50. Although, it is fair to say that the shape op-
timization problems considered in this review are not convex, so it is worth mentioning
that this approach relies on relaxing the shape optimization problem, either globally or
in iterative local stages, into a convex formulation [191]. Global relaxation is usually not
preferred due to the fact this approximation leads to a severe penalty on the accuracy of
solving the problem. Therefore, local-convexity is assumed and the optimization is re-
peated using a multi-start strategy to find a global optimal [185]. Although, it is worth
mentioning that dealing with the local-convexity approximation with multi-start may lead
to significant computational overhead due to performing a large number of simulations.

It is worth mentioning that stochastic optimizers, e.g., Adaptive Simulated Anneal-
ing (ASA) [143] and Interval Optimization [242], are also found in the relevant literature.
These algorithms leverage randomness to explore the search space effectively, making
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them particularly useful for complex, non-convex, and multi-modal optimization. In the
referenced work, to improve computational efficiency, the ASA approach is coupled with
a gradient-based approach, the modified method of feasible direction (MMFD), to improve
computational efficiency [143]. The interval optimization approach is based on taking
into account a range of accuracy of the DDS. It was shown under certain conditions (e.g.,
a small interval [95% + 105%]) to outperform GA-based techniques; however, larger inter-
vals of £10% and +15% did not outperform GA.

Regardless of the choice of optimizer, not all of the possible solutions found dur-
ing Step (3) are actually meaningful. In fact, we are only interested in the solutions that
are not dominated by any other one according to at least one objective of shape opti-
mization problem [138, 151], which are identified via the Skyline operator [138]. There-
fore, the meaningful output of Step (3) is actually a Pareto Front of candidate designs that
represent all feasible solutions to the optimization depending on the priority of different
objectives [62, 151]. In one sense, all of the solutions on the Pareto front are actually op-
timal according to a specific trade-off between objectives. In rare cases, often with few
objectives, it may be that one solution far outperforms the rest, i.e., the Pareto frontier
is formed of only one feasible solution, namely a global optimal solution. However, it
is more common that the design preferences of human experts guide a selection of one
or more candidate designs from the Pareto front to take into Step (4) depending on the
specific application [156].

Summary
Based on the review performed in Sections 2.2.3 and 2.2.3 we reported in Table 2.3 the
most important works which deal with Step (3) considering the main different critical and
fundamental aspect that raised during the review process

« Parent Geometry: the shape subject that has been optimized,;

« Objectives: the objective(s) that have been selected;

« Constraints: the constraint(s) that have been implemented;

« Optimizer: the optimization algorithm(s) that have been exploited;

« Performance: the achieved results in terms of improvement of the KPI(s)
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2.2.4 Step (4) Physical plausibility and feedback

Step (4) deals with the validation of the final output of the optimizer in terms of physical
plausibility and provides feedback to the preceding steps (e.g., to decide if the candidate
design meets the specified criteria). Note that, in practical applications, this is likely the
most important step of the four, but it also involves more human feedback, making it the
most challenging to automate [19, 36, 84, 98, 140, 145, 156, 158, 172, 185, 218].

The validation in terms of physical plausibility is an important step in the pipeline
since, using particular parametrization, KPIs computation, constraints, and especially DDS
we are making an approximation of the physics (CFD) [19, 36, 84, 98, 116, 140, 145, 156, 158,
172, 185, 218]. Verifying that all these approximations did not induce numerical artifacts
is vital [19, 36, 84, 98, 140, 145, 156, 158, 172, 185, 218].

If the DDS performance is a numerical artifact because a vast number of the induced
geometries are not physically plausible [27, 41, 47, 116], feedback to Step Step (1) might
suggest augmenting the design space (reducing the dimensionality) to reduce these arti-
facts.

If the predictions from the DDS are significantly different from the CFD, the optimizer
may be induced into false minima due to the imprecision of the DDS. Therefore, feedback
to Step Step (2) may infer that more data is required to improve the reliability of the DDS
to reduce the likelihood of numerical artifacts [27, 41, 47, 116].

Feedback to Step Step (3) [19, 36, 70, 84, 98, 98, 129, 140, 145, 151, 156, 158, 172, 185, 218]
may infer that the dimensionality of the parametrization is too small, and more free vari-
ables are required to find an optimal design. Similarly, the box constraints on the para-
metrization may be improved to facilitate exploring a larger number of candidate designs.
Another feedback could be to change the optimizer hyperparameters if the solutions found
are sub-optimal.

Based on the review performed in this section, we reported in Table 2.4 the most im-
portant works which deal with Step (4) considering

« Parent Geometry: the shape subject that has been optimized,;

« Physical Plausibility: the adopted method to check for the physical plausibility of

the generated geometry.
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Table 2.4: Most important works which deal with Step (4) considering the shape subject that has been optimized
(Parent Geometry) and the adopted method to check for the physical plausibility of the generated geometry

(Physical Plausibility).

{ Ref. [ Parent Geometry [ Physical Plausibility

[98] Hull Validation with numerical (CFD) and experimental (EFD) methods showed candi-
date shape increased drag by 6% at low speeds and decreased drag between 6 + 13%
at medium to high speeds.

[19] Hydrofoil Validation with LF and HF solvers informed the candidate shape performance.

[172] Airfoil Validation of the candidate design with CFD showed the Cj, predicted by the opti-
mizer was 7% lower than the HF model and 1% lower for Q.

[36] Hull Validation with CFD showed the optimal candidate had a Drag reduction of 0.5N
(1%).

[218] Airfoil Validation showed good agreement between CFD and DDS predicted Cj, for the
optimal candidate.

[156] Hull Results validated with NM plus CFD method and pressure distribution around the
candidates compared to original for plausibility.

[84] Airfoil Validation with CFD showed good agreement with DDS. Error of DDS prediction
on optimal candidate was 0.2 + 0.5%.

[145] Airfoil Validation shows physical plausibility and explains large reduction in Cp, by reduc-
ing in upper shock on upper surface.

[158] Hull Final design validated with HF RANS model showed 1 design failed physical plausi-
bility (drag actually increased) and the other passed (error between DDS and CFD
of 0.4%).

[185] Airfoil Final model validated against HF CFD showed physical plausibility.

[140] Hull Validation with HF CFD showed actual reduction of 1N for single-fidelity candidate
and agreement with mixed-fidelity prediction.

[239] Hull Validation with HF CFD showed strong physical plausibility between DDS and real
Drag when close to known designs. As the hull design deviated from known exam-
ples physical plausibility decreased.

[97] Airfoil Validation with HF CFD showed 3.6% deviation between DDS and real Lift to Drag
ratio and 0.0$ error for stability prediction.

[258] Underwater Validation with HF CFD affirmed that the actual Lift to Drag ratio outperformed the

Glider baseline design.
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2.3 Open problems and future perspectives

Following the review carried out in Section 2.2, this section elaborates on the open prob-
lems of future perspectives of the shape optimization of hulls and airfoils leveraging CFD
and DDSs.

Regarding Step (1), it is clear from the review that each work develops a unique para-
metrization schema (e.g., particularly when using domain-based parametrizations) requir-
ing a new database to be collected/generated from EFD and CFD simulations. While this
problem is overcome by standardized parametrizations (e.g., Hicks-Henne and PARSEC-
11), there is a lack of standardized schemes for domain-based parametrizations. The latter
represents an important open challenge (especially for hull shape optimization). Establish-
ing a new database for every parametrization scheme presents a considerable challenge,
as it greatly increases computational costs and necessitates human oversight. This issue
is further complicated when devising a dedicated parametrization scheme alongside CFD
models. Additionally, such a high degree of customization poses a significant hurdle for
the community in terms of developing shared datasets. These shared resources are crucial
for continually expanding toward larger and more diverse design spaces. Decoupling para-
metrization from parameters leveraged by DDSs to make prediction [69, 134, 198, 208, 239]
may help the community in reusing the same DDSs in optimization with different para-
metrization schema.

Regarding Step (2), the DDS models reviewed in this work show the learning paradigm
is almost always focused on interpolating rather than extrapolating beyond the bounds of
the data used to construct the models. This means that little effort has been made to assess
the performance of DDS models with a specific setting or application. In fact, there are
a number of interesting extrapolation scenarios (unseen families of geometries, unseen
geometries, or unseen speeds) that are useful to develop models that work well when ap-
plied outside the boundaries of the data used to construct them [239]. Extrapolation is
a particularly valuable attribute of DDS models since, in practice, shape optimization is
the adaptation of an existing (not optimized) design for specific KPIs. Existing designs
for hulls and airfoils are based on historical design requirements (e.g., using conventional
fuels), and changing design requirements (inspired by fluctuations in fuel prices or address-
ing climate change) requires exploring a wider design space leveraging DDS models that
remain accurate even in extrapolating conditions. Hence, during DDS-based shape opti-
mization it is beneficial to produce a geometry for novel, yet-to-be-explored candidates,
rather than confining ourselves to established (not optimized) designs.

Regarding Step (3), the current approach to optimization largely relies on well estab-
lished methods for solving multi-objective non-linear and non-linearly constrained prob-
lems. Given the context of increased design uncertainty for hulls and airfoils, there is
a necessity for a more comprehensive exploration of certain aspects within the domain
of shape optimization. One promising avenue to achieve this is the cross-fertilization
of methodologies from operations research into this field of research. State-of-the-art
techniques from operations research and other related fields, such as physics-based opti-
mization and hybrid strategies [160], offer a number of methods to enhance the current
approaches to optimization in CFD-DDS based shape optimization of hulls and airfoils.
Moreover, the increase in quantum computing resources presents an opportunity for en-
hanced optimization methods in the future. Quantum computers, which can perform
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complex computations at speed, offer the potential to reduce the time required for op-
timization tasks [154]. The integration of these advanced computational techniques with
existing CFD DDS shape optimization could lead to significant breakthroughs in the field.

Finally, regarding Step (4), there are a number of instances in the referenced works
where the validation of the candidate designs is not confirmed using the high-fidelity
CFD. This remains an open problem in the field until this procedure is common practice
and must include a comparison between the KPI predicted by the DDS and the real one
informed by the CFD. Ultimately, this approach will lead to a better understanding of the
performance of DDS models.

2.4 Chapter Summary

This paper reviews the current research in shape optimization of vessel hulls and airfoils,
which is a critical step to ensure optimal performance and minimal environmental foot-
print. In fact, their design is usually an adaptation of an existing one, not optimized for
specific KPIs like the drag of a hull or lift and drag of an airfoil or the result of a mix be-
tween human experience and numerical optimization approaches. Nowadays, the state-of-
the-art approach for shape optimization of hulls and airfoils is based on CFD DDS models
and consists of four steps. First, parametrization and parameter ranges are defined, with
more or less human intervention, to build a shape design space.

Accurate estimation of KPIs, such as drag resistance for hull designs or lift and drag for
airfoils, is a cornerstone of modern aerodynamic and hydrodynamic engineering. How-
ever, the direct computation of these KPIs based on shape parameters involves complex
simulations using CFD, which is notably resource intensive. This high computational de-
mand traditionally limits the feasibility of direct numerical optimization of these KPIs in
real-time design workflows. To address this challenge, a pragmatic approach is typically
employed, involving a multi-step process that integrates both human expertise and ad-
vanced data-driven strategies. Initially, a selective sampling of distinct and representative
shapes from the design space is conducted. This selection can be based on experienced
human judgment or through sophisticated algorithmic strategies that aim to cover the
potential variability in the design space. These selected designs are then subjected to
detailed CFD analysis to evaluate their performance against the desired KPIs. Based on
the insights gained from these analyzes, a DDS model is developed. While the initial
creation of the DDS is computationally demanding - requiring substantial data process-
ing and model training - the resultant model offers a significant reduction in computa-
tional expense for subsequent predictions. This efficiency is achieved by approximating
the complex relationships between shape parameters and their resultant KPIs through
learned data patterns, thus circumventing the need for direct CFD simulation in the early
stages of design exploration. Recent advancements in machine learning have further en-
hanced the capabilities of DDS models, incorporating techniques such as deep learning
and reinforcement learning to refine prediction accuracy and model robustness. Studies
have demonstrated that such models can effectively predict hydro/aerodynamic proper-
ties with high reliability, approaching the fidelity of direct CFD simulations under varied
operational conditions. Once the DDS is established, it can then seamlessly integrate into
an optimization loop. This integration facilitates efficient exploration of the design space,
enabling the rapid generation and assessment of candidate geometries. The objective is to
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identify designs that approximate the Pareto front, optimizing multiple conflicting KPIs
simultaneously, a method that has seen significant refinement in recent years through
multi-objective optimization algorithms. The final step in this process involves a rigorous
validation of the proposed designs. Using CFD, the physical plausibility of each candidate
geometry suggested by the DDS and the optimization framework is verified. This valida-
tion is crucial, as it ensures that the surrogate model and the optimization algorithms have
not proposed non-viable or physically implausible shapes. This comprehensive evaluation
not only reinforces the reliability of the DDS, but also aligns the theoretical models with
practical, real-world applicability. This approach, which blends sophisticated data-driven
models with traditional simulation techniques, represents a significant shift in the way
hull and airfoil designs are developed. By reducing reliance on extensive CFD simulations
and leveraging recent research in surrogate modeling and optimization, this methodology
promises to accelerate the design cycle, reduce costs, and enhance the innovation process
in fields demanding high precision and efficiency.

Based on our review, we identified several important discussion points. In general,
DDS-based shape optimization is an effective strategy for the optimization of hulls and
airfoils and will remain an important area of research given the current motivations to-
wards minimizing the energy requirements of hulls and airfoils. However, a key acknowl-
edgment is that the current approaches to parametrization (especially when using domain-
based parametrizations) often lack standardization. Consequently, much of the generated
data remains unusable for future work despite a large degree of similarity among many
existing designs. This redundancy not only lengthens the time frame of individual projects
but also restricts the broader community’s capacity to build upon prior findings. Addition-
ally, future changes to conventional design requirements opens the door for shape opti-
mization to explore novel design concepts, and improving the extrapolation capabilities
of DDS models will significantly benefit this endeavor. However, at the time of writing,
these challenges have not yet been extensively investigated or overcome.
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Physically Plausible and
Computationally Aware Hull
Resistance Optimization

Optimizing the hull form is crucial for enhancing vessel performance, requiring a careful ex-
ploration of design variations once an initial concept is chosen. To address this, a well-defined
parameterization and search space must be established, followed by a numerical optimiza-
tion process. This phase involves balancing three key requirements: improving performance
indicators like resistance (and consequently emissions), ensuring physical plausibility (e.g.,
designs that meet stability standards), and maintaining computational efficiency. While ex-
isting methods partially address these challenges using surrogate models to optimize perfor-
mance, conducting a-posteriori checks for physical plausibility, and reducing the search space
a-priori, they fall short of fully integrating these aspects. In this work, we introduce a two-fold
approach to address these challenges. First, we integrate a key physical plausibility criterion
directly into the optimization loop: the International Maritime Organization (IMO) Intact
Stability Code. For the first time, we use a surrogate model to include this constraint within
the numerical optimization process. This enables the generation of designs that inherently
meet stability requirements. Second, we reduce the computational demands by applying data-
driven methods to limit the search space in a problem-specific manner. This targeted reduction
reduces the computational load without compromising the overall optimization performance.
We test our proposal by optimizing the KCS hull form. Our results demonstrate two main
achievements. First, we find that current optimization pipelines fail to meet the IMO stability
guidelines, whereas our method achieves compliance by design. Second, our approach reduces
the computational burden by 30% without sacrificing performance, representing a significant
leap forward in practical hull design optimization.

This chapter is reproduced from J. M. Walker, A. Coraddu, and L. Oneto. Computationally Aware and Physically
Plausible Hull Form Optimization Incorporating the IMO Intact Stability Code. Ocean Engineering, 341:122607,
20258
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uring the mid-stage of hull-form optimization (see 1.1), a DDS-based approach to hull
D optimization is preferred. This approach follows four-steps (for a detailed overview,
please refer to [238]). The main idea of the four-step approach is to establish a well-defined
parameterization and search space, perform a limited number of high-fidelity simulations
that serve as the foundation for the DDS, perform the numerical optimization leveraging
the DDS, and check the output using a high-fidelity simulation (e.g., Computational Fluid
Dynamics - CFD). This output assumes the form of a series of optimal designs, the ones
on the Pareto frontier, which are then validated in terms of physical plausibility providing
feedback (sometimes also integrated with late-stage designs [102]) able to refine the mid-
stage design [140, 239, 245, 256].

The concept of physical plausibility is crucial; however, it is not easy to formally define.
For example, it is possible to check that the performance of the designs on the Pareto
frontier are not actually numerical artifacts (e.g., too small resistance), induced by the use
of the DSS, by performing high-fidelity simulation [239]. Some checks are more complex
to perform, for example, the a-posterior verification of the performance of the geometry
(e.g., seakeeping, stability, structural integrity) [103]. Humans must also perform some
other checks. For example, when the parameter space is defined too large, the optimizer
can induce a geometry unsuitable for a specific application (e.g., too tight or too round
to transport goods) [14]. Finally, some checks are not easy to code into a mathematical
framework, such as regulatory aspects [103].

The two main lacks of current approaches to mid-stage hull form design are

Lack (1)  the limited ability to take into account the seakeeping-related prop-
erties of the design when focusing mainly on resistance [103];
Lack (2)  the computational requirements of the tool even when a DDS is em-
ployed [54].
Lack (1) has already been addressed by incorporating the seakeeping-related properties
a-posteriori [167, 255] or by including Response Amplitude Operator (RAO) to account
for the vessels’ seakeeping capabilities in the objective of the optimization problem [55].
Lack (2), instead, has already been addressed by applying Design Space Dimensionality
Reduction (DSDR) [54] to the parameter search space to speed up the optimization (i.e.,
the smaller the number of parameters to be optimized, the faster the optimization is). See
Section 3.1 for more details.

The problem with the current approach to Lack (1) is that it is not trivial to trade-off the
current seakeeping metrics (e.g., RAO) with resistance, as there are no clear, predefined
criteria to determine, a priori, what constitutes a good or bad RAO, nor how much resis-
tance should be sacrificed for improved seakeeping performance. Instead, these trade-offs
are often empirically evaluated by human experts. The problem with the current approach
to addressing Lack (2) instead is that DSDR is often performed a priori to optimization. Al-
though the DSDR approach preserves variability in the design space, it does so without
incorporating the necessary knowledge to retain the best-performing designs (in terms of
at least one of seakeeping or resistance) while discarding the poorly performing designs.
Moreover, to the best of the authors’ knowledge, no work in the literature has suggested
an approach to address both lacks simultaneously.

The purpose of our work is to take a step forward in finding the solution in both Lack (1)
and Lack (2) and to blend the solutions to address them simultaneously. Specifically, to ad-
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dress Lack (1), we consider, for the first time in the literature, the International Maritime
Organization (IMO) Intact Stability Code [113, 149, 181, 182], recently updated in 2020,
directly in the hull optimization problem. This constraint on stability allows us to eas-
ily distinguish between acceptable and unacceptable geometries. However, the problem
with this constraint is that it is computationally challenging to assess, so we propose, for
the first time, to surrogate it to include it in the optimization loop with minimal impact
on the computational requirements. In order to address Lack (2), we compared differ-
ent DSDR techniques able to reduce the number of parameters to optimize, i.e., Principal
Component Analysis (PCA) and Neural Networks. Finally, in order to blend these solu-
tions toward addressing Lack (1) and Lack (2) we incorporate the stability constraints in
the DSDR and show that this further improves both the quality and computational re-
quirements of the mid-stage hull form optimization schema. In particular, we build on
our previous work [239] which represents the state-of-the-art pipeline for mid-stage hull
form optimization without considering the stability constraints. We test the quality of
our proposal by optimizing the KCS hull form which has been well analyzed in the liter-
ature [35, 71, 156, 228]. Our results demonstrate two main achievements. First, we find
that current optimization pipelines fail to meet the IMO Intact Stability Code, whereas our
method achieves compliance by design. Second, our approach reduces the computational
burden by 30% without sacrificing performance, representing a significant step forward
in practical hull form design optimization.

The rest of this paper is as follows. Section 3.1 reviews the most relevant work to our
proposal that supports the statements we made in the introduction; Section 3.2 describes
the specific problem we examine in this work and the dataset we leverage to address it;
Section 3.3 decribes the method we use to solve the problem using the data described in
the very same section; Section 3.4 presents the results; finally, Section 3.5 concludes the
work.

3.1 Related Work

This section reviews the main works in the literature related to the mid-stage hull form
design. In particular, we review the main works that deal with DSDR, to reduce compu-
tational requirements of the optimization, and the ones that incorporate seakeeping into
optimization as, to the best of the authors’ knowledge, no work in the literature blends
the two aspects.

Several authors have demonstrated how DSDR methods can be applied to reduce the
computational burden of hull form optimization [54]. The most popular approaches are
linear dimensionality reduction methods [60, 228, 263].

In [228], the authors considered Proper Orthogonal Decomposition (POD) basis func-
tions for DSDR of a Free-Form Deformation design space. Two approaches were examined:
first, authors performed DSDR using geometric-based criteria highlighting new problem-
dependent criteria for ranking POD modes, significantly reducing the design space size.
Second, the authors apply POD to Design Velocities, directly correlated to shape variations,
which demonstrated reducing a 68-dimensional parametrization of the DTC hull form to
30 variables for shape reconstruction. This work showed that the POD-based approach
was effective for generating hull shape variations for optimization processes.

In [60], DSDR is performed using the Karhunen-Loéve Expansion [54], which is based
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on eigenfunction decomposition, for assessing the design space. Authors use a quantita-
tive measure to show the design variability in the eigenvalue space and reduce the dimen-
sionality of a parametrizaion of the DTMB5415 from 100 design variables to 25. In fact, au-
thors generate 40000 candidate hulls but later reduce that to 2400 feasible samples and per-
form the hull form optimization. This method was able to generate a reparameterization of
the shape modification vector for efficient optimization. However, this reparametrization
does not allow the reduced-dimensionality representation to be projected in the original
design space. This presents a challenge because well-established parametric models are
commonly used by practitioners to preserve specific knowledge of existing designs [200].

In [263], the authors parameterized the KCS hull form using 37 design variables control-
ling a T-spline geometry representation. They performed DSDR using PCA and showed
that, for varying levels of data compression (e.g., preserving between 68% and 100% of
the original design variance), it was possible to obtain optimized hull forms (in terms of
resistance) compared to the parent design. The study demonstrated that 6-dimensional
parametrizations could achieve optimized hull forms with minimal computational effort
(e.g., within tens of iterations). However, lower-dimensional parametrizations were con-
sistently outperformed according to the key performance indicators when more than hun-
dreds of iterations were used.

Regarding the integration of seakeeping constraints into the mid-stage hull form de-
sign, it is possible to find several milestone works [55, 81, 188, 256].

In [55], authors presented the multi-objective hull form optimization of the DTMB5415.
In particular, the study focused on improving hydrodynamic performance, both in terms
of resistance and seakeeping, using low fidelity solvers. A seakeeping merit factor based
on the vertical acceleration of the bridge (located 27[m] forward amidships and 24.75[m]
above keel) at 30[kn] in head waves and is the roll angle at 18[kn] in stern long-crested
wave was used as the objective function during optimization. Results showed resistance
and seakeeping improvements of 6+23% and high-fidelity simulations verified the find-
ings.

In [256], authors performed multi-level hull-propulsor optimization integrating medium-
and low-fidelity solvers. A bi-fidelity Co-Kriging surrogate model and a multi-objective
evolutionary algorithm were used to optimize the lifetime fuel consumption and energy
efficiency design index of the S175 containership with KP505 propeller and MAN B&W
engine. In particular, the authors imposed constraints on metacentric height (GM) so that
the value would be greater than a given value of GM, = 0.2[m] based on the IMO Intact
Stability Code.

In [188], performed surrogate-based multi-objective optimization of a SWATH hull
form, considering seakeeping performance and ship resistance. A parametric model of
the SWATH ship, with varying torpedo semi-axis and strut angles, is optimized using
Gaussian process surrogate models. Three fidelity levels for ship resistance are considered,
ranging from wetted surface calculations to high-fidelity CFD simulations with stabilizing
fins. Results showed it was possible to optimize for seakeeping, resistance, and trade-off
in terms of the median comprimise of both objectives.

In [81], authors presented the multi-objective optimization method for unmanned sur-
face vehicle hull design, focusing on resistance and seakeeping performance. The opti-
mization considers wave resistance, vertical acceleration, and pitch amplitude, using a
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parametric model to generate candidate designs. To reduce computation time, a second-
order response surface method surrogated numerical simulations for the resistance and
seakeeping parameters, and the optimization was performed with the Particle Swarm and
Sequential Quadratic Programming algorithms. Results on a 7[m] vessel demonstrated
the effectiveness of the proposed method integrating the seakeeping into the objective
function.

3.2 Problem and Data Description

In this work, we propose a novel computationally aware and physically plausible hull form
optimization framework to address the two main gaps of the current literature Lack (1)
and Lack (2).

For Lack (1), we propose to integrate the IMO Intact Stability Code [113, 149, 181,
182] directly into the optimization problem. For Lack (2), we propose using DSDR tech-
niques [54, 60] to reduce the number of parameters we need to optimize. Moreover, for
the first time in the literature, we simultaneously address both identified lacks by blending
the two solutions. Specifically, we propose incorporating the stability constraints into the
DSDR and show that this further improves both the quality and computational require-
ments of the mid-stage hull form optimization schema. We test our approach by optimiz-
ing the KCS hull form in a state-of-the-art mid-stage hull form optimization pipeline. For
this purpose, we build on our previous work [239] that leveraged the mid-stage hull form
optimization pipeline without considering the stability constraints.

In this work, we optimize the KCS hull form which has a complex topology (i.e., a
cargo ship with a bulbous bow).

The pipeline for Mid-Stage Hull Form Optimization (MSHFO) consists of four main
steps [238]

MSHFO (1)  Shape parametrization, parameter ranges, and KPIs definition;
MSHFO (2)  Sampling, data generation, and DDS;
MSHFO (3)  Shape optimization;
MSHFO (4)  Physical plausibility and feedback;
that we will improve to address Lack (1) and Lack (2).

Regarding MSHFO (1), the KCS requires a suitable parameterization and parameter
ranges. To this end, we utilize the Free-Form Deformation (FFD) method to parameterize
the KCS hull. FFD is an effective way to create a diverse design space while ensuring
that the designs maintain geometric continuity and feasibility [34, 60, 228]. For the FFD
parametrization, we overlay a control network, characterized by control points, over the
parent design. We then induce various candidate hull form designs by displacing the
control points. We utilized an in-house developed FFD tool that leverages subdivision
surfaces, as referenced in [34], along with an empirically defined control network. The
control network consists of two overlapping subnetworks: a global network that covers
the entire hull and includes 24 control points, and a local network focused on the bulbous
bow comprising 12 control points. By structuring the networks hierarchically, the density
of control points is increased around the bulbous bow due to its intricate geometry. Fig-
ure 3.1 illustrates the FFD control network showing the global and local control networks,
which account for a total of 36 control points.
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Figure 3.1: The FFD control network shows the global and local control networks, which account for a total of
36 control points.

A symmetry constraint is applied along the XZ plane to reduce complexity, bringing
the number of independent control points down to 12. For the global control network, we
restrict the Degrees of Freedom (DoF) of the control points to allow displacements only
along the X and Y axes. However, we do not restrict the control points in the local control
network. Hence, the independent control points were adjusted according to a vector x =
[x1, -, X29], where [x1, -+, x14] govern the displacements of the global control points (e.g.,
2 DoF for each of the 8 independent global control points) and [x;7, -+, X39] manage the
displacements of the local ones (e.g., 3 DoF for each of the 4 independent local control
points). The original placement of these control points establishes the parametrization
rule, R (which is fixed during optimization). R allows for a specific candidate geometry,
Q, to be created from the parent geometry, QP, according to the displacement vector x
(which varies during optimization), such that Q = R(QP, x). It is important to note that
R is homomorphic, as it should be according to the literature on the topic [238, 239]. For
the parameter ranges, we defined the lower and upper bounds of each parameter of x
in such a way as to ensure the solution is inside the range, i.e., a posteriori, we check
that each solution we found was actually inside the range and none actually belonged to
the borders. We set the lower (x!) and upper (x*) bounds of the parameters in the global
control network, e.g., xll),,,’lé and x{ .. 16, so that they could move +10% along the length
of the vessel and up to +£20% the width of the vessel. Similarly, we set the lower and
upper bounds of the parameters for the local control network, e.g., x117",,,29 and x77 .. 59,
so that they could move +£10% in each direction of the bulbous bow. Figure 3.2 shows the
linesplans of the KCS hull and the geometries on the border of the representation space.

In MSHFO (1), apart from leveraging the symmetrical properties, we can further re-
duce the parameters to be optimized. This allows us to address Lack (2) and reduce the
computational cost of the optimization phase. To this end, we employ DSDR algorithms
such as the PCA and the Neural Networks to reduce the dimensionality of the parametri-
zation. The first sanity check of DSDR is to ensure that the inverse operator of the PCA
or the Neural Networks, which maps the reduced dimensional representation back to the
original parameterization, performs well (e.g., it should reconstruct the original parame-
ters with minimal error), see Section 3.3.3 for details. Note that this sanity check does
not guarantee that the optimizer will still perform effectively (e.g., find the optimal hull in
the original parameterization), as the impact of reconstruction error on the ability of the
optimizer to evaluate the performance of candidate designs is unknown. A more informa-
tive check will be performed later in the process that is not standard in the literature, see
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Figure 3.2: Linesplans of the KCS hull in black and the geometries represented by x* and ' in dashed orange
and blue, respectively.

explanation of MSHFO (3).

Regarding MSHFO (2), we need to generate the data from scratch by performing a lim-
ited number of CFD simulations. Selecting the right simulation to be performed, i.e., sam-
pling a representative selection of hulls, is a critical step in the process [238]. In this work,
we opt for a Full Factorial Design of Experiments [13]. Due to computational constraints,
we randomly sample 1000 geometries from the full factorial. The choice of 1000 samples,
in line with the literature [53], has been made since it allows for adequate sampling of
the design space defined by the parameterization, ensuring that the range of possible hull
forms is sufficiently represented, covering a wide variety of designs that may meet the
desired objectives and constraints. Subsequently, for each sampled hull, we performed

« a high-fidelity CFD simulation to estimated total Resistance (R;) at three different

Froude numbers (Fr) selected uniformly random in a range 0.108 + 0.282 [/s];
- a panel code simulation to assess the stability performance according to the IMO
Intact Stability Code.
For what concerns the high-fidelity CFD, we employ the same approach and software as
in [239] with some additional fine-tuning and validation (described in Section 3.3.1) for
the particular problem under exam. Due to the high computational cost of the CFD model,
we performed the CFD for 218 randomly selected geometries out of 1000. The choice of
218 samples exceeds the typical number of samples used in the literature to develop a
DDS [238]. A description of the dataset to learn R; and the number of examples for each
feature can be found in Table 3.1. For what concerns the IMO Intact Stability Code, we
focus on a single Stability Failure Mode (SFM): the Dead Ship Condition. We leverage
an in-house developed panel code, as referenced in [37, 38], to assess the Dead Ship SFM
considering the International Code on Intact Stability Section 2.3 Severe wind and rolling
criterion (weather criterion) [111] using the righting-arm approach [37]. The weather
criterion [111] mandates that for a steady wind heeling lever (I,,;), angle of equilibrium
(o), wave action roll (¢;), angle of heel (¢,), and gust wind heeling lever (l,,5) evaluated as
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Table 3.1: Dataset Desription to learn R, (218 samples for R,(x, 0.108) and 218 samples for R,(x, 0.282)).

‘ Type ‘ Feature ‘ Symbol ‘ Range
Global parametrization [—] | x;,-,x, | {—0.74,—0.71,--,0.74}
Input Local parametrization [-] | xy7,, %9 | {—0.05,—0.02,--,0.05}
Froude Number [—] Fr [0.108 + 0.282]
Output | Total Resistance [N] R,(x,Fr) [12.9 + 221.2]
1.5
1L |
b
0.5+ ]
E , .
N a [
@} 1P
I
-0.5 g 1
|
|
I
-1 | \
I
[ by —lu2
-1.5 I | I I I I I

-20 -10 0 10 20 30 40 50 60

Figure 3.3: Example Righting-arm.

3/2 1,1, the area b (bounded between [,,, on the bottom and the GZ curve on the top) shall
be equal to or greater than area a (bounded between GZ curve on the bottom [, on the
top, and up to ¢;), as indicated in Figure 3.3.
We also paid attention to four additional criteria on top of the Dead Ship Condition
coming from the same code section [111]
SFM (1)  The Dead Ship Condition;

SFM (1.1)  The area under the GZ curve from 0° to 30°;

SFM (1.2)  Minimum GZ at 30°;

SFM (1.3)  The angle at which the max righting arm occurs;

SFM (1.4)  The minimum initial GM.
The SFM criteria for each specific geometry were determined in the following way. Ini-
tially, we computed the actual values for GZ (for 17 different transversal inclination angle
¢ sampled uniformly in the range [—20° + 60°]) and GM, with the panel code because each
of the criteria, i.e., SFM (1), SEM (1.1) + SFM (1.4), are related to these quantities. A de-
scription of the dataset to learn GZ and GM and the number of examples for each feature
can be found in Table 3.2. Subsequently, we derived the actual values for each of the SFMs,
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Table 3.2: Dataset Desription to learn GZ and GM (1000 samples for GM and 17000 samples for GZ namely 1000
geometries for 17 transversal inclination angle ¢ € [—1.25 + 1.25]).

’ Type ‘ Feature ‘ Symbol ‘ Range
Global parametrization [-] | x;,, x4 | {—0.74,—0.71,-,0.74}
Input Local parametrization [—] Xi7, 5 X9 | {—0.05,—0.02,-+,0.05}
Transversal Inclination [*] | ¢ [—20 + 60]
Righting Arm [m] GZ(x, ) [-1.5+1.6]
Output
Metacentric Height [m] GM(x) [11.5 + 16.8]

i.e., the areas a and b, the area under the GZ curve from 0° to 30°, the GZ at 30°, the angle
of the maximum righting arm, and GM. Finally, these values are compared against prede-
fined thresholds from the IMO Intact Stability Code and the design is classified as either
“pass” or “fail” indicating whether it meets the thresholds. In this way the SFM criteria
are mapped from their actual values into a binary (“pass” 0 and “fail” 1) condition (or con-
straint). The last step is to condense the five binary conditions, i.e., SFM (1), SFM (1.1) +
SFM (1.4), into a single function IMO(x) that defines if a particular hull, generated by the
parametrization x, passes all of the stability criteria

a(x) < b(x),

30°
J GZ(x, ) dp > 0.055,
o

IMO(x) = 162(x,30°) > 0.2m, (3.1)
GZ(x, prmayx) OCcurs at ¢y > 25°,

(GM(x) > 0.15m

0 otherwise

Leveraging the datasets described in Tables 3.1 and 3.2, we build DDSs of R, and IMO(x)
and validate its performance (see Section 3.3.1).

After MSHFO (2), we can move to MSHFO (3) (see Section 3.3.2). Once the numerical
optimization is performed, and the series of optimal designs, i.e., the Pareto frontier of so-
lutions, have been obtained, we have to verify that the optimizer has performed effectively
and found the optimal hulls in the original parameterization. When the optimization is
performed without DSDR, we skip directly to validating the solutions in terms of phys-
ical plausibility, MSHFO (4). However, when the optimization had been performed in a
reduced dimensionality representation, i.e., obtained through DSDR, we needed to assess
the impact of the reconstruction error on the optimizer’s ability to evaluate the perfor-
mance of candidate designs. To perform this assessment, we proceed as follows

« we obtained the Pareto frontier of solutions expressed in the reduced dimensionality

representation;

« we mapped the reduced dimensionality representation back to the original parame-

terization using the inverse operator (i.e., PCA or Neural Networks);

- we evaluated the performance (in terms of resistance and stability) of the candidate

solutions using the DDS built from the datasets described in Tables 3.1 and 3.2. This
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provides us with the estimated performance, including the reconstruction error.

we check the performance without the reconstruction error. For this purpose, we es-
timated the performance based on the reduced dimensionality representation. Hence,
we retrained the DDS using the same data as in Tables 3.1 and 3.2, but we performed

DSDR on the input space, so the DDS accepted the reduced dimensionality repre-
sentation as input. Using the DDS trained on the reduced dimensionality input, we

evaluated the performance of the Pareto optimal solutions without the reconstruc-
tion error

« we compared the performance estimates obtained from the DDSs trained on the

different input spaces to assess the impact of the reconstruction error on the opti-
mizer’s ability to identify optimal hulls in the original parameterization
This approach provided a more informative check than merely evaluating the reconstruc-
tion error, which had not been standard in the literature, and ensured that the optimization
had been effective.

After MSHFO (3) we can move to MSHFO (4). Following the approach of [239] we first
check that the performance of the designs on the Pareto frontier, in terms of R;, are not
actually numerical artefacts induced by the DSS and match the performance indicated by
high-fidelity CFD. Furthermore, following the same principle as the check on R;, we check
that the performance of the DDS matches the panel code when assessing Eq. (3.1).

To summarize, we modified the MSHFO pipeline to simultaneously address Lack (1)
and Lack (2). For Lack (1), we propose to integrate the IMO Intact Stability Code directly
into the optimization problem, i.e., modifying MSHFO (3). For Lack (2), we propose using
DSDR techniques [54, 60] to reduce the number of parameters we need to optimize, i.e.,
modifying both MSHFO (2) and MSHFO (3).

In more detail, we can summarize our modification to the MSHFO pipeline as follows.
The hard constraint (“pass” or “fail”) derived from the IMO Intact Stability Code, i.e., ac-
cording to Eq. (3.1), is inserted directly in the optimization problem. The same constraint
is used to remove from the dataset the geometries that do not satisfy it, reducing the num-
ber of samples in the dataset of Table 3.2, to be used during the DSDR. This allows us to
build a low dimensional search space that accounts for the IMO Intact Stability Code. At
first sight, it may seem incomplete that we only reduced the dataset based on the IMO
Intact Stability Code and did not account for the geometric constraints on V, T, and 6.
However, this is a deliberate consideration, as the geometric constraints remain tunable
by the user (depending on design preferences), while the IMO Intact Stability constraints
are hard ones.

Figure 3.4 visually depicts the classic MSHFO pipeline and Figure 3.5 depicts the pro-
posed pipeline with modifications to address Lack (1) and Lack (2).



3.2 Problem and Data Description 55

Parent Hull Form Define parametrization  C R?
& parameter ranges !, v

MSHFO (1)] — |

. Compute R; with CEFD  Collect Data DDS of R;
Sampling

S - — ; — -

1
1
1
I
1
DSDR: R? RV, b < d |
1
1
1
1
1
1

1
parametrization i Check Physical Plausibility
1

___.___r___-’ ‘ .ﬁ
: ! DDS of R, * —» check R,
1

1
1

L __y minR@) % _________| S I I
xCRY

[MSHFO (3)]  objective MSHFO (4)

Figure 3.4: Classic MSHFO pipeline.



56

3 Physically Plausible and Computationally Aware Hull Resistance Optimization

Parent Hull Form
3 - & parameter ranges

Define parametrization @ C R¢
l T
9

F ==

Sampling

MSHFO (2)

Compute R; with CED  Collect Data DDS of R;

Lack 1 Reduce Data  DDS of IMO(z)
~
Check IMO(z) (Eq. 1) , -t > %
“Pass/Fail” u-
_____ Lack 2 P
DSDR: R » R, b < d

L) - - B

Lack 1

IMO(z)
constraints

MSHFO (3)

parametrization Check Physical Plausibility
- T ———— v heck R;
! |—> DDS of R, —
L, ”éin% Ry(x) i I O L heck IMO
objective NSHFO (1)

Figure 3.5: MDHFO pipeline with the proposed modifications to address Lack (1) and Lack (2).
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3.3 Method

In this section, we have to describe how to fully address the problem described in Sec-
tion 3.2 with the dataset described in the very same section. In particular, to solve Lack (1)
and Lack (2) of the current approach to hull form optimization and blend them together
there are a number of steps we need to explain in detail. Section 3.3.1 describes how we
build the DDSs of R;, GZ, and GM so they can be included in the optimization and how
we validate their performance; Section 3.3.2 describes how we address Lack (1) by directly
incorporating the IMO Intact Stability Code into MSHFO pipeline to optimize the KCS
hull form. Section 3.3.2 describes how we address Lack (2), in line with the approaches de-
scribed in Section 3.1, by using DSDR to reduce the computational demand of optimization.
Moreover, for the first time in the literature, we describe how to simultaneously address
Lack (1) and Lack (2) by incorporating the stability constraints directly into DSDR.

3.3.1 Data-driven Surrogates for Hull Form Optimization
In this section we describe how we develop the DDSs of R;, GZ, and GM.

For what concerns the data generation, namely, the CFD model to determine R;, the
mesh generation, computation of the solution, and post-processing of the results is carried
out in the commercial CFD package Star CCM+'. The baseline High-Fidelity (HF) mesh
consists of approximately 1.5 million cells for half of the hull. The mesh is clustered around
the hull, with extra refinement around the bulb and stern, across the free surface, and along
the Kelvin angle. Figure 3.6 provides an overview of the mesh configuration used in this
study. To compute the solution, a wall function approach was used to compute near-wall
velocities, along with a prism-layer mesh in the boundary layer zone to achieve an average
wall distance of approximately 60 [—]. This baseline configuration also serves as the finest
mesh used in the sensitivity analysis. The calculations were performed at a time step of
0.01 [s] to compute steady-state regimes for multi-phase flows using the Volume of Fluid
technique. The k-w shear stress transport model was applied for turbulence closure. For
what concerns the degrees of freedom of the simulation, we leveraged the Dynamic Fluid
Body Interaction module of Star CCM+ to allow for sink and trim in calm water across a
range of velocities (v) and consequently, Fn. To validate the state-of-the-art CFD model
for the KCS hull form, we perform two checks commonly found in the literature [35]

« First, we carry out a mesh sensitivity analysis to determine simulation convergence;

« Second, we compare the predictions from our baseline mesh with available Exper-

imental Fluid Dynamics (EFD) measurements of the calm water resistance of the

model-scale KCS hull.
For the first task, namely, the mesh coarsening analysis, we created two coarser meshes
by reducing the number of cells by approximately !/3 each time, i.e., Medium-Fidelity (MF)
and Low-Fidelity (LF) respectively. We reported the resistance in Figure 3.7 and the sink
and trim in Figure 3.8 for each mesh under analysis. Table 3.3 reports the cell count for
each mesh and computational requirements as the core hours using an Intel XEON E5-
6248R 24C 3.0GHz CPU.

For the second task, since we validated the mesh convergence, we compared our base-
line CFD prediction with the available EFD measurements. Table 3.4 reports the total drag,

'www.plm.automation.siemens.com/global/en/products/simcenter/STAR-CCM. html
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Figure 3.6: The mesh exploited for the CFD simulations with the Star CCM+! package. The mesh included a
surface mesh refinement on the vessel hull and on the boundaries of the domain, in addition to volume mesh
refinements around the hull, wake, and free surface.
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Figure 3.7: Comparison of the Total, Pressure, and Shear Drag for the 3 levels of mesh refinement over varying
Fr number.

Table 3.3: Cell count and computational requirements for each Mesh.

| Mesh | x10° cells | Core Hours
HF 1.5 140
MF 1.0 95

LF 0.7 84
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Figure 3.8: Comparison of the Sink and Trim for the 3 levels of mesh refinement over varying Fr number.

Table 3.4: Comparison of EFD and CFD results.

Model test EFD CFD

v Fn Total Drag | Sink | Trim || Total Drag | Sink | Trim
[m/s] | [-] [N] Lem] [l [N] [em] [l
0.915 | 0.108 15.3 —0.09 | —0.017 14.2 —0.20 | —0.028
1.281 | 0.152 27.8 —0.27 | —0.053 26.3 —0.40 | —0.051
1.647 | 0.195 45.6 —0.60 | —0.097 44.0 —0.72 | —0.094
1.922 | 0.228 65.5 —0.95 | —0.127 58.7 —1.00 | —0.130
2.196 | 0.260 98.4 —1.40 | —0.170 83.2 —1.39 | —0.174
2.379 | 0.282 127.6 -1.70 | —0.160 123.8 —-1.74 | -0.152

sink, and trim metrics for both the CFD and EFD predictions. Figure 3.9 shows a visual
comparison of these same metrics.

It is worth reiterating that while the computational demand of the CFD simulation is
manageable for evaluating the performance of a limited number of hull designs, it becomes
a significant obstacle in an optimization process where thousands of hull designs must be
evaluated. It is also worth mentioning that one of the key limitations of the CFD model
is that it evaluates R; at a model scale (the approximate ratio for this simulation is 1:31.6
due to computational constraints) and scaling resistance prediction from model-scale to
full-scale ships is still a challenging task [219], but this approach remains an appropriate
and effective approximation while running hundreds of full-scale CFD simulations is not
computationally tractable.

In this work, to build the DDSs of R; (see Table 3.1), GZ and GM (see Table 3.2), we test
two Machine Learning algorithms which come from the family of kernel methods [206]
and neural networks [80]. Specifically, we test Kernel Ridge Regression (KRR) [206] and
Extreme Learning Machine (ELM) [100, 101]. These two models share an effective training
phase and a smooth functional form [190] which is simple to optimize [20] with respect to
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Figure 3.9: Comparison of the Total Drag, Sink and Trim for the selected CFD model and EFD results over varying
Fr number.

Table 3.5: Hyperparameters and hyperparameters search space for the learning from data algorithms.

Algorithms | Hyperparameters

A {107%,107%% ... | 10%}
KRR ]
y : {107°,107%8 .. [10%}

By : {226, 21}
A {1076,107%8 ... | 10%}

ELM

other methods like XGBoost [28] and Random Forests [21]. To build the DDSs using the
data in Tables 3.1 and 3.2, we still have to face the problem of how to tune the hyperparam-
eters for each learning from data algorithm (namely, model selection) and how to estimate
the performance of the final model (namely, error estimation) [169]. During model selec-
tion, the main consideration is how to tune the hyperparameters of each algorithm. For
KRR, we rely on the Gaussian Kernel for theoretical and practical reasons in [119]. Thus
we have to tune the regularization hyperparameter (1) and the kernel hyperparameter (y).
Lastly, for ELM, we chose to rely on the Sigmoid activation function and tune the number
of neurons in the hidden layer (h;) and the regularization hyperparameter (1). The hyper-
parameters and search space for each algorithm are found in Table 3.5. Since we fixed
the boundaries of the representation space sufficiently large to ensure that the solution
was not on the border, we only need to validate the performance of the DDS when in-
terpolating within the boundaries of the dataset. Therefore, we validate the performance
of the DDS by performing a Leave One Out cross-validation [169]. For what concerns
error estimation, the accuracy is measured by different metrics: three quantitative (the
Mean Absolute Error - MAE, the Mean Square Error - MSE, and the Mean Absolute Per-
centage Error - MAPE) [163] and one qualitative (the scatter plot actual versus predicted
value) [192]. In terms of computational requirements, the performance is measured using
time to build the model (Train Time) and time to make a prediction (Test Time). Since our
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surrogate will be leveraged in an optimizer, the most important computational metric is
the Test Time.

3.3.2 Hull Form Optimization and Physical Plausibility

This section describes the optimization problem under exam and how we integrate the
IMO Intact Stability Code into the MSHFO schema to achieve compliance by design. We
formulate a multi-objective hull form optimization problem at high and low Fr subject to
(s.t.) constraints on the geometry generated by the parameters x, and properties of the
actual geometry, namely the draft (T), the trim (0), and the displacement (V). To trade
off a fast cruise speed versus a slow steaming case we selected the high and low Fr as
FrHigh = 0.282 and Fr™®V = 0.108 respectively. For the constraints on T, 8, and V, note
that, unlike the hard constraints informed by the IMO Intact Stability Code, these ones
are tunable according to design preference. For simplicity, we constrained T(x) and 0(x)
to match the conditions of the parent design, i.e., T? = 10.8 [m] for the KCS at full-scale
and 6P = 0 [°] for the even keel position. Whereas, we constrained V(x) to vary within
+10% of the conditions of the parent design, e.g., a lower bound of 0.9 - V¥ and upper
bound of 1.1 - V2, where V# = 1.08 x 10* [m?] is the displacement of the KCS at full-scale.
Consequently, the optimization problem becomes

min (DR, Cx, &) 4 (1 — DR, (x, FrOW), (3.2)
xl<x<xu
st. T(x)=TP,
0(x) = 0P,

0.9VP < V(x) < 1.1VP.

Furthermore, for the reasons described in Section 3, and to solve Lack (1), we propose
constraining the optimization problem with the IMO Intact Stability Code. In particular,
we add another constraint to Problem (3.2) to check that the geometry induced by x passes
the IMO Intact Stability Code according to Eq. (3.1), namely

min (DR, Cx, &) 4 (1 — DR, (x, FrOY), (3.3)
xl<x<xu
st. T(x)=TP,
0(x) = 0P,

0.9VP < V(x) < 1.1VP,
IMO(x) =1 seeEq.(3.1).

Problem (3.3) is now a non-linear and non-linearly constrained optimization problem and
a number of approaches exist in literature to address it [252]. We take advantage of some
of the most popular gradient-based optimization algorithms [89]. Table 3.6 outlines the
optimization algorithms and their hyperparameter settings. Note that, for all of the ap-
proaches summarized in Table 3.6, we manually implemented a multi-start with 10 repe-
titions.
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Table 3.6: Hyperparameter settings for the different optimization algorithms.

Algorithm | Parameter Value

- Maximum number of function evaluations allowed 10°
Maximum number of iterations allowed 10°
Maximum number of function evaluations allowed 10°

AS Maximum number of iterations allowed 10°
Maximum number of SQP iterations allowed 600

3.3.3 Computational Awareness and Physical Plausiblity for Hull

Form Optimization
This section addresses how we use DSDR to address Lack (2) of the current approach to
MSHFO and, for the first time in the literature, how we blend the solutions to address both
Lack (1) and Lack (2) simultaneously.

Regarding Lack (2), we still need to describe how to validate our approach to using
PCA or Neural Networks to reduce the complexity of the design space (namely, DSDR)
and how to validate the reconstruction. The most straightforward approach for DSDR is
to use PCA [54].

PCA assumes that the data resides in a low-dimensional informative space that has
been transformed into a higher-dimensional space. Basically, PCA fits a d-dimensional el-
lipsoid to the data, with each ellipsoid axis representing a new component. The longer the
axis, the greater the data variance along that dimension, making that component more sig-
nificant due to its higher variability. Conversely, components with lower variance are less
informative. However, it is worth mentioning that this method is simplistic considering
linear combinations of the original design variables. On the one hand, this means that PCA
has a very low computational cost, which is ideal for the problem at hand. On the other
hand, PCA has been shown to be unsuitable for complex data in other applications [194].

Another approach to DSDR is to use Neural Networks [141]. This approach tries to
map the input data into a lower dimensional space, which can maintain the information
to reconstruct the original input data (auto-encoder) [195]. The advantage of Neural Net-
works is that they can also find non-linear relations that are not findable with PCA. By
learning a compressed data representation, the Neural Network effectively reduces dimen-
sionality while preserving essential features. However, despite its efficacy, this approach
requires careful tuning of a number of hyperparameters, e.g., the number of hidden lay-
ers, the number of nodes in each layer, and the choice of activation function, to ensure
optimal performance. This can result in a large computational burden during both the
training phase and a more significant computational overhead than PCA during the test
time [201].

To perform the DSDR, using PCA or Neural Networks, we first randomly sample 1000
geometries from the design space and generate a realistic sample set of the design space
x [53]. We then leverage the approach of PCA or Neural Networks on x, to reduce the
dimensionality of the parametrization from x = R? — x’ = RP. Where x’ is the projection
of x into a lower-dimensional representation, i.e., b < d. When we perform the DSDR, we
have to tune the hyperparameters of PCA or Neural Networks to perform the projection
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from x — x’. For PCA, the hyperparameter is simply the percentage of variance in the x
we want to preserve in x” (%var) which we set to 99%. For Neural Networks, we use a single
hidden layer with the sigmoid activation function and have to tune the number of neurons
in the hidden layer (h;) which we set to match the dimensionality of the data projected by
the PCA. Note that, for Neural Networks, we also have to select the optimizer, in our case
ADAM [126], the learning rate I, in our case 0.001, and the number of epochs, in our case
1000. Note that the DSDR is fully unsupervised, so there is no risk of overfitting.

Once we have performed the DSDR, for the reasons described in Section 3.2, we have
to validate that the representation in R® can be retrieved and well-represented in RY. To
perform this check is quite simple. For PCA, we reconstruct the data using the covariance
matrix’s eigenvectors to project the lower-dimensional data back into the original design
space. For Neural Networks, the reconstruction comes for free from the auto-encoders.
Then we check the reconstruction error, which is the difference between the original data
in R? and the data projected first into R? and then back to RY. We measure this error using
the same three quantitative metrics as before: the MAE, MSE, and MAPE.

3.4 Results

In this section, we will present the result of applying the methods described in Section 3.3
to the problem described in Section 3.2 using the data described in this very same section.
The results are organized as follows. First, we report the performance of the developed
DDSs to predict R;, GZ, and GM. Subsequently, to address Lack (1), we report the results of
optimization problem 3.3, with and without the stability constraints informed by IMO(x)
- Eq. (3.1). Lastly, to address Lack (2), we report the results of our optimization problem
with DSDR and show that we can simultaneously address Lack (1) and Lack (2) to further
improve the computational complexity of optimization.

Table 3.7 reports the performance of the DDS of R; (in terms of accuracy - MAE, MSE,
and MAPE - and time - Train Time and Test Time) using the learning algorithms described
in Section 3.3.1 (KRR and ELM). Figure 3.10 reports the associated scatter plots.

From Table 3.7 it can be observed that KRR outperforms ELM in terms of MAE and
MSE accuracy (visually represented in Figure 3.10). Moreover, both KRR and ELM have a
test time in fractions of milliseconds, which makes them well suited for use in MSHFO (3).

For what concerns the IMO constraint, we developed DDSs (according to Section 3.3.1)
for GZ and GM as each of the constraint criteria - SFM (1), SFM (1.1), SEM (1.2), SEM (1.3),
and SFM (1.4) - can be directly related to these quantities. Table 3.8 reports the results for
the GZ and GM DDSs analogously to the ones of Table 3.7 for the DDS of R,. Figure 3.11,

Table 3.7: DDS of R, performance (in terms of accuracy - MAE, MSE, and MAPE - and time - Train Time and
Test Time) for the different learning algorithms (KRR and ELM).

Learning Accuracy J Time

Algorithm | MAE [N] ‘ MSE [N?] ‘ MAPE (%] ‘ Train [s] Test [us]

KRR 1.04 £0.07 | 1.32£0.64 | 1.76 £0.09 322+£3 12.6 £5.6

ELM 1.59+0.20 | 2.02+£0.83 | 4.09+1.15 | 10095+ 105 | 4.6+2.7
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Figure 3.10: Scatter plot of DDS of R, for the models in Table 3.7.
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Table 3.8: GZ and GM DDSs: performance (in terms of accuracy - MAE, MSE, and MAPE - and time - Train Time
and Test Time) for the different learning algorithms (KRR and ELM).

DDS Learning Accuracy Time
Target | Algorithm | MAE x107°[m)] ‘ MSE x1073[m?] ‘ MAPE [%] Train [s] Test [us]
oz KRR 45+03 58.0 £5.6 1.00 + 0.00 453 +5 9.2+5.0
ELM 2.7+0.2 24.6 £3.8 1.00 +£ 0.01 | 10245 + 216 52429
aM KRR 4.8+0.2 26175 1.00 + 0.00 429 + 4 9.1+4.6
ELM 33+04 18.5+3.6 1.00 £ 0.01 9383 + 921 164 +£5.3

Table 3.9: IMO (SFM (1), SEM (1.1), SEM (1.2), SFM (1.3), SEM (1.4), and the IMO(x) of Eq. (3.1)) DDS based on
the GZ and GM DDDs: Confusion Matrices (values are in %).

(a) SFM (1). (b) SFM (1.1). (c) SFM (1.2).
DDS DDS DDS
Pass | Fail Pass | Fail Pass | Fail
E Pass 100 0 E Pass 100 0 E Pass 80 1
Al Fail | o0 0 A Fail | 0 0 A Fail | 0 19
(d) SFM (1.3). (e) SFM (1.4). (f) IMO(x) - Eq. (3.1).
DDS DDS DDS
Pass | Fail Pass | Fail Pass | Fail
E Pass 89 0 E Pass 49 2 E Pass 49 4
| Fail | o0 11 ® | Fail | 1 43 & | Fail | 2 45

instead, is the equivalent of Figure 3.10. From Table 3.8 it can be observed that ELM
outperform KRR in terms of MAE and MSE accuracy (visually represented in Figure 3.11)
for both GM and GZ and both KRR and ELM have a test time in fractions of milliseconds
which makes them well suited for use in MSHFO (3).

Since the constraint criteria (SFM (1), SFM (1.1), SFM (1.2), SFM (1.3), SFM (1.4), and
IMO(x) - Eq. (3.1)) are used to determine feasible geometries (e.g., “pass”/“fail” a particular
hull depending on the criteria), we test the efficacy of the best DDSs in this “pass”/“fail”
binary classification scenario [163]. In Table 3.9 we compare the “pass”/“fail” criteria in-
formed by the Real method (panel code) and the best DDS using Confusion Matricies [163].
From Table 3.9 it can be observed that

« for SFM (1) and SFM (1.1) all of the hulls pass the criteria;
« for SFM (1.2), SFM (1.3), SFM (1.4), and the IMO(x) - Eq. (3.1) the DDS performs well
(low false positives and false negatives).

At this point, we have developed and statistically validated the different DDSs. The
next step is to highlight the results of the multi-objective hull form optimization of the
KCS vessel (parent design) according to Section 3.3.2. We first solved the multi-objective
optimization excluding the stability constraints, e.g., solving Problem (3.2) and show that
the current approach fails to meet the IMO stability guidelines. Subsequently, we solve the
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Figure 3.11: Scatter plot of DDSs of GZ and GM for the models in Table 3.8.
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Figure 3.12: Pareto Front for solving Problems (3.2) and (3.3) and the KCS (parent design).

Table 3.10: Average Number of Function Calls and Running Time to solve Problem (3.2) and (3.3).

Optimization

Problem Algorithm Calls [—] Time [s]
P 3006 £ 786 | 164 47

Problem (3.2) AS 1218 + 198 153 + 24
P 1471+ 434 | 223+16

Problem (3.3) AS 1893 + 1108 | 224+ 128

multi-objective optimization, including the stability constraints, e.g., solving Problem (3.3)
and show that our approach achieves compliance by design. Figure 3.12 shows the Pareto
front for solving Problems (3.2) and (3.3) and the KCS (parent design). Table 3.10 shows
the average number of function calls and running time for Problems (3.2) and (3.3). Fig-
ure 3.13 reports the comparison between the KCS (parent) design and the optimized de-
signs. Figure 3.14 shows a comparison between DDS and Panel Code informed GZ curves
for Problem (3.2) and Problem (3.3) designs. Note that, since the geometries found by solv-
ing Problem (3.2) failed IMO(x) - Eq. (3.1), there is no need to validate them with CFD;
however, the cost informed by the DDS for Problem (3.3) is checked with the CFD model
(see Section 3.3.1) for physical plausibility. =~ From Figure 3.12 it can be observed that
without including the stability constraints, i.e., solving Problem (3.2), the DDS induces
the optimizer to find geometries that significantly outperform (according to the DDS) the
KCS (parent design). Moreover, when validating the geometries found by solving Prob-
lem (3.2) with IMO(x) - Eq. (3.1), we find that these geometries are in fact not feasible
(see Figures 3.13 and 3.14 for more details). Finally, by including the stability constraints,
i.e., solving Problem (3.3), the DDS induces the optimizer to find geometries that perform
worse than the ones found by solving Problem (3.2) but still outperform the KCS (parent
design).
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Table 3.11: DSDR reconstruction error (in terms of MAE, MSE, and MAPE) and the resulting dimension (DIM)
of the new low dimensional subspace using PCA and NN algorithms. We perform the dimensionality reduction
using two datasets: (i) the entire dataset (i.e., DSDRgyp) and (ii) just the subset of the dataset that satisfies the
IMO Intact Stability Code (i.e., DSDRpy0)-

DSDR Reconstruction Error
Dataset | DIM

Algorithm | MAE [x107%N] \ MSE [x1072N?] | MAPE [%]

PCA 22.15 + 0.03 1050 £0.01 | 0.70 4 0.03
DSDRgrp, | 7

NN 21.56 % 0.04 1048 £0.00 | 0.67 4 0.04

PCA 20.45 % 0.04 1090 £0.02 | 0.50 4 0.04
DSDRyo | 4

NN 20.32 % 0.05 1088 £0.01 | 046+ 0.05

From Figure 3.13 it can be observed that for A = 1 the design found from solving
Problem (3.2) extended further in the transverse direction than the parent design and the
one found by solving Problem (3.3) (see Figure 3.13c). We validate the stability of the
designs in Figure 3.13 by comparing the DDS and Panel Code Stability in Figure 3.14. For
A =0,1 =05 and A = 1.0 it can be observed that the GZ curves found by solving
Problem (3.2) fail Eq. (3.1) because the angle of the maximum GZ, namely, ¢,y fails the
condition to occur at ¢, > 25° (see Figures 3.14a, 3.14c, and 3.14e). The GZ curves
found by solving Problem (3.3) are in line with the expectation of IMO(x) - Eq. (3.1) (see
Figures 3.14b, 3.14d, and 3.14f).

From Table 3.10 it can be observed that including IMO(x) - Eq. (3.1) in the optimization
problem increases the computational complexity of optimization by approximately 30%.

After addressing Lack (1), by showing the importance of including the IMO(x) of
Eq. (3.1) in the optimization problem, we need to address Lack (2), namely, the compu-
tational cost of optimization. For the reasons described in Section 3.2 and according to
the method described in Section 3.3.3 we test different DSDR algorithms (PCA and Neural
Networks - NN) to reduce the computational complexity of solving Problem (3.3).

Table 3.11 reports the reconstruction error (in terms of MAE, MSE, and MAPE) and
the resulting dimension (DIM) of the new low dimensional subspace using PCA and NN
algorithms. We perform the dimensionality reduction using two datasets: (i) the standard
one that uses the entire dataset (i.e., DSDRgTp) and (ii) our new proposal that used just
the subset of the dataset that satisfies the IMO Intact Stability Code (i.e., DSDRyy;0). The
case DSDRyp o allows simultaneously addressing Lack (1) and Lack (2). From Table 3.11
we can observe that

+ both the DSDRgyy and DSDRpy o cases lead to a reduced dimensionality search
space that can be well reconstructed back to the original dimensionality (small re-
construction errors);

« the DSDRypy o case leads to a smaller search space than the DSDRg, case because
there is less variance among the examples preserved in the dataset.

Now that we have established we can project the data into a reduced complexity space
(e.g., R” in the DSDRgyp case or R* in the DSDRyyj case) we want to test the impact of
the dimensionality reduction on the ability to predict R;. Table 3.12 reports the surrogate
performance (in terms of accuracy - MAE, MSE, and MAPE - and time - Train Time and
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Table 3.12: Surrogate performance (in terms of accuracy - MAE, MSE, and MAPE - and time - Train Time and
Test Time) for the different learning algorithms to build DDS for R, when we use all the inputs, or a subset of
the input induced by the DSDR (with NN - i.e., the best performing DSDR method according to Table 3.11) for
both the DSDRgyp and DSDRyy o cases.

Learning Accuracy Time
Case DIM
Algorithm | MAE [N] | MSE [N?] | MAPE [%] Train [s] Test [us]
- KRR 1.04+0.07 | 1.32+0.64 | 1.76 £ 0.09 322+3 12.6 £5.6
No DSDR | Original

ELM 1.594+0.20 | 2.02+0.83 | 409+ 1.15 | 10095+ 105 | 4.6 +2.7
KRR 0.99+0.14 | 0.99+0.53 | 1.36 £0.11 205+ 7 11.3+3.8

DSDRgrp 7
ELM 1454+ 0.27 | 0.99+0.23 | 3.38£0.08 | 99987 + 113 | 4.5+3.0
KRR 0.98 +£0.14 | 0.99+£0.36 | 1.38 +£0.09 207 £ 6 11.1+ 1.8

DSDRyy0 4
ELM 1.45+036 | 0.99+0.21 | 3.41+£0.13 | 99827 +£103 | 42+3.1

Test Time) for the different learning algorithms to build DDS for R; when we use all the
inputs, or a subset of the input induced by the DSDR (with NN - i.e., the best performing
DSDR method according to Table 3.11) for both the DSDRgyp and DSDRpyo cases. From
Table 3.12 we can observe that the accuracy remains high with low MAE, MSE, and MAPE
errors for the two different low dimensional search spaces. Notably, performance slightly
improves, meaning that some dimensions in the original space are actually not useful.

The next step is to perform the actual numerical optimization, i.e., solve Problem (3.3),
with the two different low dimensional search spaces (i.e., the DSDRgp and the DSDRyy0),
to address Lack (2). Figure 3.15 shows the results of solving Problem (3.3) with DSDRg
and DSDRyyo. In particular, Figure 3.15 reports

« gray marks: the KCS (parent design) both using the DDS (with no DSDR, i.e., Ta-
ble 3.7) with a square and the CFD with a circle;

« blue square marks: the results of Figure 3.12 for Problem (3.3) (i.e., no DSDR);

« purple square marks: solutions of Problem (3.3) with DSDR and DDS trained on
the original input dimension but fed with the input reconstructed from the smaller
dimensional space;

« purple diamonds marks: solutions of Problem (3.3) with DSDR and DDS trained on
the smaller input dimension induced by the DSDR.

From Figures 3.15 we can observe the following

« using the original dimension of the lower dimension based DDS are approximately
equal, showing that the reconstruction does not negatively impact the optimization;

« the two different low dimensional search spaces (DSDRgp and DSDRpy;o) both find
geometries that outperform the KCS (parent) design;

« the two different low dimensional search spaces (DSDRg and DSDRyy10) do not
outperform solving Problem (3.3) in the original dimensionality.

The results of solving Problem (3.3) with the two different low dimensional search
spaces (DSDRgrp and DSDRpyo) still need to be checked for physical plausibility (i.e.,
using the CFD model in Section 3.3.1). Figure 3.16 shows the same results as Figure 3.15
but
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Figure 3.15: Results of solving Problem (3.3) with DSDRgrp and DSDRyy;o. Gray marks: the KCS (parent design)
both using the DDS (i.e., Table 3.7) with a square and the CFD with a circle. Blue square marks: the results of
Figure 3.12 for Problem (3.3) (i.e., no DSDR). Purple square marks: solutions of Problem (3.3) with DSDR and
DDS trained on the original input dimension but fed with the input reconstructed from the smaller dimensional
space. Purple diamonds marks: solutions of Problem (3.3) with DSDR and DDS trained on the smaller input
dimension induced by the DSDR.
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Table 3.13: Average number of Function Calls and Running Time for solving Problem (3.3) for the two different

low dimensional search spaces (DSDR and DSDR+IMO) and Dimensionality (Dim.) of the problem and Opti-

mization Algorithm. The difference from solving the problem in the original dimensionality (Table 3.10) is also

reported.
’ Case ‘ DIM ‘ Optimi_zation ‘ Calls ‘ Time [s] Saving_s
Algorithm Calls Time [s
NoDSDR | Original 1I\Ps 14849731: 14 13(;18 222%431i 11268
o |0 | % | mem | men | wm
e | | B w |

« we removed purple diamonds marks (i.e., solutions of Problem (3.3) with DSDR and

DDS trained on the smaller input dimension induced by the DSDR) as there is no

need to define different surrogates for different dimensionalities;

» we added purple circle marks for the CFD physical plausibility check for each of the
purple square marks (i.e., solutions of Problem (3.3) with DSDR and DDS trained on

the original input dimension but fed with the input reconstructed from the smaller

dimensional space).

From Figure 3.16 it is possible to observe that the CFD model validates the results of solving
Problem (3.3) with the two different low dimensional search spaces (DSDRgp, and with

DSDRIMo).

Finally, Table 3.13 reports the average number of function calls and running time for

solving Problem (3.3) for the two different low dimensional search spaces (DSDRgp, and
with DSDRyy0) and optimization algorithms. The time and call savings with respect to
solving the problem without DSDR are also reported. Figure 3.17 provides a graphical
representation of Table 3.13. From Table 3.13 and figure 3.17 it can be observed that the
DSDRyy0 approach leads to significant computational time savings (20+40%) compared to
solving Problem (3.3) in its original dimensionality. DSDRyyo also outperforms DSDRg1p
by approximately 10+20% in terms of computational time.



74 3 Physically Plausible and Computationally Aware Hull Resistance Optimization
8 T T T
+ Problem (3) with DSDRgtp (DDS from Table 7)
750 Problem (3) with DSDRgrp (CFD) B
® ]
7L 4
=
6.5 " .
56 ]
= .
K550 . 4
~
5 4
“ L
4.5 - e |
4 = KCS (DDS) = Problem (3) Pareto (DDS) ]
® KCS (CFD) « Problem (3) Pareto (CFD)
3.5 T T | | |
45 50 55 60 65 70 75
Rt (X7 Frngh)
(2) DSDR¢p
8 T T T
= Problem (3) with DSDRyyo (DDS from Table 7)
5l Problem (3) Pareto with DSDRo (CFD) B
" °
= " .
=
6.5 -
56 ]
hi - B
X551 . |
3
5 4
"
45 e R
4ma KCS (DDS) = Problem (3) Pareto (DDS) N
@ KCS (CFD) Problem (3) Pareto (CFD)
3.5 T T 1 1 1
45 50 55 60 65 70 75
R, (x, Friiieh)
(b) DSDRyy0

Figure 3.16: Physical plausibility for solving Problem (3.3) with DSDRgp and DSDRyyn. We report the same
results of Figure 3.15 but (i) we removed purple diamonds marks (i.e., solutions of Problem (3.3) with DSDR
and DDS trained on the smaller input dimension induced by the DSDR) as there is no need to define different
surrogates for different dimensionalities and (ii) we added purple circle marks for the CFD physical plausibility
check for each of the purple square marks (i.e., solutions of Problem (3.3) with DSDR and DDS trained on the

original input dimension but fed with the input reconstructed from the smaller dimensional space).
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Figure 3.17: Graphical representation of Table 3.13.

3.5 Chapter Summary

This study has presented a novel approach to hull form optimization that directly incorpo-
rates the IMO Intact Stability Code into the numerical optimization loop. By developing
a data-driven surrogate model tailored to the stability constraint, we have ensured that
all resulting designs inherently meet critical stability requirements without needing a-
posteriori checks. Our results, obtained through the optimization of the KCS hull form,
highlight two principal advantages of this method. The first one is that, unlike traditional
optimization pipelines—where stability and other physical plausibility criteria are often
verified after the fact, our integrated approach systematically excludes non-compliant de-
signs. This marks a pivotal step toward more reliable, real-world-ready solutions. The
second one is that, through a data-driven reduction in the search space, we successfully
cut the computational cost by approximately 30% while maintaining the quality of the op-
timized solutions. This reduction not only accelerates design workflows but also opens
the door for more frequent or larger-scale optimization campaigns within the same com-
putational budget.

Taken together, these contributions start to address the longstanding challenge of rec-
onciling performance goals with practical, real-world constraints in a computationally
efficient manner. By embedding a key regulatory requirement directly into the design
process, our work paves the way for a new generation of design tools that balance hydro-
dynamic performance, physical plausibility, and computational efficiency.

In future investigations, several avenues remain open. First, extending the set of em-
bedded constraints to other critical design rules (e.g., safety-related or structural considera-
tions) could produce even more robust solutions. Second, coupling data-driven techniques
directly into high-fidelity simulations may further improve the accuracy and reliability of
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the surrogate models, i.e., physics-informed data-driven techniques. Finally, exploring ap-
plications to different vessel types or operating conditions could broaden the applicability
of the proposed framework, contributing to a more sustainable and compliant maritime
industry.



77

Decoupling Yacht Hull Resistance
Optimization

Current approaches to vessel hull resistance optimization rely on a mix of human experience
and Data-Driven Models (DDMs): human experts define, via parametrization and parameter
ranges, a series of geometries; a surrogate of the relationship between these parameters and
the resistance, based on data from Experimental Fluid Dynamics (EFD) or Computational
Fluid Dynamics (CFD), is built to interpolate within the defined parameter ranges; finally,
the optimal parameters are found by optimizing, with more or less human intervention, the
surrogate and used to retrieve the optimal geometry. This approach has its limitations: the
need for human intervention in the geometry parametrization and optimization, the need for
extensive computational efforts (for CED), costs (for EFD), and time (for both CFD and EFD),
and the limited ability of the approach to work beyond the specific setting (e.g., changes in
the family of geometry or extrapolation outside the parameter ranges). For these reasons, in
this chapter, we propose to address the current limitations by first leveraging on a parametri-
zation able to accurately describe the entire Delft Systematic Yacht Hull Series (DSYHS). In
particular, we decouple this parametrization from the one needed to create the DDM, showing
that the DDM can be directly trained on the DSYHS EFD dataset, avoiding the need for both
CFD and new EFD customized for the specific problem, matching the performance of state-
of-the-art CFD models even in extrapolating conditions (i.e., for geometries and parameter
ranges beyond the boundaries used to construct the surrogate), with physical plausibility and
minimal human intervention. The results of different and increasingly challenging extrap-
olating conditions validated with statistical methods on the DSYHS EFD dataset and using
state-of-the-art CFD models will support our proposal. Finally, we show that it is possible to
optimize the hull resistance by exploring geometric parameters beyond the boundaries of the
DSYHS validating the results via state-of-the-art CFD.

This chapter is reproduced from J. M. Walker, A. Coraddu, and L. Oneto. A Decoupled Approach to Al-based
Design and Optimization of the Delft Systematic Yacht Hull Series. In Conference on Computer and IT Applications
in the Maritime Industries, pages 209-222, 2023 B and J. M. Walker, A. Coraddu, and L. Oneto. Data-Driven
Models for Yacht Hull Resistance Optimization: Exploring Geometric Parameters Beyond the Boundaries of the
Delft Systematic Yacht Hull Series. IEEE Access, 12:76102-76120, 2024 [2).
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urrent approaches to vessel hull resistance optimization rely on a mix between hu-

man experience and DDMs [36, 70, 82, 98, 136, 140, 156, 158, 262]. As the first step,
human experts define a specific parametrization, i.e., a rich yet synthetic quantitative de-
scriptors of a set of candidate geometries, and parameter ranges, i.e., the geometry design
space [36, 70, 82, 98, 136, 140, 156, 158, 262]. For this purpose, a number of approaches
exist in the literature: from Free-form Deformation (FFD) [36, 70, 82, 140, 156, 262] to B-
Splines [98, 140], and model design parameters [136, 158] each one having its strengths
and weaknesses (see Chapter 2 for the details). Once the parametrization and parameter
ranges have been defined, a dataset composed of parameters’ values (using the selected
parametrization) and associated resistance (measured with EFD or estimated using CFD) is
built [36, 70, 82, 98, 136, 140, 156, 262]. This process is time, computational, and financially
demanding [92, 186, 213].

For this reason, it is necessary to carefully select a minimal number of parameters con-
figuration in the parameters ranges, i.e., a small number of candidate geometries, selected
with more or less complex strategies [9, 12] and then perform the EFD or run the CFD
simulations. EFD are seldom used because of the very specific parametrization, and pa-
rameter ranges. Moreover, EFD data are seldom shared and available to researchers and
practitioners [217] in many cases due to confidentiality issues. In some cases, an already
available set of EFD or CFD is available, and it is possible to enrich it with very few new
candidate geometries performing EFD or running CFD simulations [264], but to the best
of the authors’ knowledge, no one in the literature is proposing this approach. Most, if not
all of the work relies just on CFD simulations [36, 82, 98, 136, 140, 156, 262]. Based on the
dataset of candidate geometries and their resistance, a DDM-based surrogate of the rela-
tionship between the parametrization and the resistance is built, which allows estimating
the resistance for a new parameter configuration at a fraction of the time, computational,
and financial requirements of the EFD or CFD or both [36, 70, 82, 98, 136, 140, 156, 158, 262].
The resulting surrogate is then exploited, with different levels of human supervision, by
an optimizer to search for the optimal parameters configuration in the parameter range,
retrieving then the associated optimized geometry [36, 70, 82, 98, 136, 140, 156, 262]. In
practical cases, resistance is one of the different design optimality conditions (e.g., resis-
tance at high and low speed), therefore, multiple optimal solutions are retrieved according
to the Pareto front [23]. Figure 4.1 summarizes the current approach we just described.

The current approach has its limitations. The first one is the need for more or less par-
tial human supervision in geometry parametrization and optimization [36, 70, 82, 98, 136,
140, 156, 158, 262]. In fact, the parametrization needs to satisfy multiple functional require-
ments: it must be informative enough to allow for the prediction of the resistance and to be
homomorphic (i.e., one geometry corresponds to a particular value of the parameters and
vice-versa), but it should be synthetic and intelligible enough to allow for interpretation
and test (e.g., for physical plausibility of the results) [36, 70, 82, 98, 136, 140, 156, 158, 262].
Moreover, human intervention should also be limited during the optimization phase: the
parametrization and the surrogate should be accurate and physically plausible enough
to not induce the optimizer into unfeasible, physically implausible, or degenerate solu-
tions [200]. The second limitation is the need for extensive computational efforts (for
CFD), costs (for EFD), and time (for both CFD and EFD) needed to build the dataset re-
quired in the surrogation [36, 70, 82, 98, 136, 140, 156, 158, 262]. The ideal situation would
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Figure 4.1: Current approach to vessel hull optimization.

be to just rely on previous CFD and EFD and not requiring new CFD and EFD for a new de-
sign. The last limitation is the limited ability of the approach to work beyond the specific
setting (e.g., changes in the family of geometry or extrapolation outside the parameter
ranges) as observed in many works [36, 70, 82, 98, 136, 140, 156, 158, 262].

To overcome the limitations discussed above, we propose a novel approach to vessel
hull optimization, summarized in Figure 4.2.

As the first step, we propose a parametrization approach able to cover a large set of
geometries (i.e., parent hulls) and not just a variation of a particular parent hull. More
specifically, our parametrization is a homomorphy not only able to well represent the
entire Delft Systematic Yacht Hull Series (DSYHS) (composed of 6 parent hulls) but, as
described later, is also able to perform well beyond the DSYHS (i.e., extrapolate). While
requiring some human intervention, this step has the capability to minimize it. In fact, this
parametrization can be used for all designs around the 6 parent hulls of the DSYHS, namely,
the parametrization step should not be performed every time we change the parent hull
as it happens now. This approach paves the way toward more general homomorphic para-
metrization able to cope with the largest possible sets of parent hulls, allowing us to easily
plug them into our pipeline, further decreasing the need for human intervention.

Then, in order to further minimize the human intervention in the parametrization
phase, we decoupled the parametrization exploited to define the geometry and to define
the optimization parameters from the features necessary to predict the hull resistance
based on DDMs. In particular, from a hull geometry defined by a particular configuration
of parameters, we exploit the Nautilus code® which is able to automatically extract a series
of features able to cover and extrapolate over multiple parent hulls while being informa-

'https://github.com/mai-lab-tud/nautilus
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Figure 4.2: Proposed approach to vessel hull optimization.

tive enough to allow for effective and physically plausible predictions of the resistance
associated with a particular hull [69, 134, 198, 199]. This decoupling is a fundamental and
key contribution to our approach. In fact, the features extracted by Nautilus should not
meet the requirement of the geometry parametrization to be homomorphic. This, on one
hand, facilitates the ability to create a rich and informative features set that can be used
to predict the hull resistance via DDMs without any human intervention (using Nautilus).
On the other hand, the homomorphic parametrization of the geometry just needs to fo-
cus on the parameters to optimize during the optimization step reducing its complexity
and minimizing the human intervention in those cases when new parent hulls need to be
covered. This decoupling reduces the original complex and constrained problem into two
simpler ones.

Thanks to the decoupled approach to the parametrization, which is able to cover mul-
tiple parent hulls, we can train DDMs based on the already available EFD of the DSYHS
requiring no additional EFD or CFD. However, CFD has been used to check the physi-
cal plausibility of the trained DDMs in both synthetic extrapolating scenarios inside the
DSYHS and also with a more realistic test outside the DSYHS. For the first case, we defined
three, increasingly challenging, extrapolation cases by removing part of the EFD during
the DDMs training phase and using those data for testing purposes

« Leave One Velocity Out (LOVO) where we remove all the EFD corresponding to a

particular velocity;

« Leave One Geometry Out (LOGO) where we remove all the EFD corresponding to

a particular geometry (variation of a particular hull);
« Leave One Series Out (LOSO) where we remove all the EFD corresponding to a
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particular series (all variations of a particular parent hull).
For the more realistic test outside the DSYHS, we rely on all but one series belonging to
DSYHS to train the DDM, and then we tested it with variations of a particular parent hull
that was not used to train the DDM and explore geometric parameters 6% larger than the
ones covered by the DSYHS.

The proposed surrogate (tested in terms of different extrapolating scenarios and phys-
ical plausibility against CFD) is exploited (with minimal levels of human supervision to
define the parameters range and constraints) by an optimizer (chosen according to the best
options in the literature) to search for the optimal parameters configuration, and retrieve
the associated optimized geometry. In particular, we will search for the Pareto front in
terms of resistance at high and low speeds. Furthermore, we show that it is possible to
optimize the hull resistance by exploring geometric parameters beyond the boundaries of
the DSYHS and validating the results via state-of-the-art CFD.

The rest of the paper is organized as follows. Section 4.1 describes the available data;
Section 4.2 outlines the proposed methodology; Section 4.3 contains the results; and finally,
Section 4.4 concludes the work.

4.1 DSYHS Database

In this section we will describe the data that we will exploit in this study. In particular,
we leverage the DSYHS database [168] (available upon request to the Delft University of
Technology Ship Hydromechanics Laboratory?®) which has been exploited in a number of
works [48, 69, 134, 198, 199].

In [77] the authors present the original series of the DSYHS which included 22 sys-
tematically varied sailing yacht hulls, alongside a polynomial expression they developed
to determine the residual hull resistance in terms of the hull geometry, over a range of
Froude numbers. In the successive years many more experiments were added to the
DSYHS database and now, to the best of the authors’ knowledge, the DSYHS database
is currently the largest collection of sailing yacht EFD in the world.

The current DSYHS database contains the hull collections for Series 1+7 (S;+S;) where
S5 does not exist in the database. The 6 series, composed of parent hulls and their deriva-
tives, are in model scale (which is the scale which the experiments were performed at)
and span approximate lengths of 2.100+2.500m, widths of 0.440+0.660m, and depths of
0.270+0.350m. Table 4.1 shows the geometric boundaries of each series of the DSYHS.
From these 6 Series, namely the parent hulls, 54 different geometries G have been derived.
For each geometry, the total resistance R; over a range of speeds v had been retrieved via
EFD. A visual representation of this description is reported in Figure 4.3. The total number
of EFD in the DSYHS dataset is 702.

The 54 geometries contained in the DSYHS are described through the use of hydrostatic
coefficients common for naval architecture applications, see Table 4.2 for details. Note that,
for a general geometry, the parameters reported in Table 4.2 can be easily retrieved with
Nautilus?.

*http://dsyhs.tudelft.nl/dsyhs.php
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G
EFD — R

Figure 4.3: The database contains the hull collections for Series 1+7 (S;+S;) where S5 does not exist in the database.
From these 6 Series, namely the parent hulls, 54 different geometries G have been derived. For each geometry,
the total resistance R, over a range of speeds v had been retrieved via EFD.

Table 4.1: Geometric boundaries of each series of the DSYHS.

. . Length Breadth Depth Volume Draft
Series Geometries _
[m] [m] [m] x10~*[m’] [m]
S 22 1.94+-2.30 0.51+0.68 0.29+0.36 37.60+37.61 0.13+0.15
S, 6 2.31+2.35 0.50+0.66 0.23+0.35 37.53+37.60 0.11+0.15
S3 11 2.28+2.40 0.48+0.80 0.20+0.28 37.53+37.53 0.11+0.11
M 9 2.09+2.38 0.37+0.74 0.27+0.34 30.92+37.53 0.11+0.12
Se 3 2.42+2.43 0.66+0.66 0.30+0.35 30.92+30.92 0.12+0.12
S; 3 2.51+2.57 0.38+0.45 0.21+0.33 30.92+30.92 0.12+0.12

Table 4.2: Hydrostatic coefficients provided in the DSYHS to describe the geometries.

l Parameter [ Symbol ]
Length of waterline Ly
Breadth of waterline By
Draft of canoe body T
Volume of canoe body \Y
Longitudinal center of buoyancy LCB
Longitudinal center of flotation LCF
Area of waterplane Ay
Area of cross-section Ay
Wetted surface area of canoe body S
Block coefficient Cb
Midship area coefficient Cm
Prismatic coefficient Cp
Waterplane area coefficient Cw
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4.2 Methodology

In this section, we will deepen the description of the methodology we propose starting
from the schema presented in Figure 4.2.

In particular, Section 4.1 already focused on the available data, while the following

aspects of the methodology will be the subjects of this section:

« the development of the surrogate to estimate R; based on the parameters reported
in Table 4.2 that can also be retrieved with Nautilus' for any hull geometry (Sec-
tion 4.2.1);

« the validation in different extrapolating scenarios and the physical plausibility against
CFD of the surrogate (Section 4.2.2);

« the homomorphic parametrization of the hull and the parameters range and con-
straints generating the parameter space (Section 4.2.3);

« the optimization framework which searches in the homomorphic parameters space
simultaneously optimizing R; for both a high vi1€" and low v'°% estimated with the
surrogate (Section 4.2.4);

« the verification of the physical plausibility against CFD of the geometries on the
Pareto front generated by the optimizer (Section 4.2.5).

Note that, with the aid of the proposed decoupling strategy between the parametrization
exploited by the optimizer and the one exploited by the surrogate, given a point in the
homomorphic parameters space it is possible to extract the input of the surrogate with
Nautilus' and estimate the R, for vI8" and v'°% with minimal computational require-
ments making the optimization fast and cheap to perform.

4.2.1 Surrogate development
The problem of predicting R, based on the parameters reported in Table 4.2 and the velocity
v can be mapped to a typical regression problem by Machine Learning [202, 206].

The no-free-lunch theorem [4] guarantees us that, in order to find the best algorithm
for a particular application, it is necessary to test multiple algorithms. In our case, we will
test 4 state-of-the-art algorithms® [72, 231]: Random Forests (RF) [21, 171], XGBoost [28],
Kernel Ridge Regression (KRR) [206], and the Extreme Learning Machine (ELM) [99, 100]
namely a Single Layered Neural Network [17, 80] where the weights of the first layers
have been randomly set reducing the computational burden of the training phase with
minimal, if not absent, effect on accuracy.

In RF we need to tune the number of features to randomly sample from the whole
features during each node of each tree creation ny and the maximum number of elements
in each leaf of each tree nj. As RF performance improves by increasing the number of trees
n;, we set it to 1000 as a reasonably large number yet computationally tractable.

In XGBoost, we need to tune the learning rate of the gradient ., the max depth of each
tree ny, the minimum loss reduction my, the number of points to randomly sample from
the whole training set for each tree creation ny, and the number of features to randomly
sample from the whole training set during the creation of each node for each tree ny.

’Results in Kaggle www.kaggle. com, the most popular Machine Learning competition website, shows that these
algorithms are the top winners.
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Table 4.3: Hyperparameters and hyperparameters search space for all algorithms tested in this work, d = 13
denotes the number of features in the dataset (see Table 4.2).

l Algorithm [ Hyperparameters

ny  {dh.d"d"y

RF n : {1,3,5,10}

n, : {1000}

1. : {0.01,0.02,0.03,0.04,0.05}
ng ¢ {3,5,10}

XGBoost m; : {0,0.1,0.2}

ny, : {0.6n,0.8n, 1n}

n; : {0.5d,0.8d, 1d}

A {107%,107°% ... | 10%}
y : {107,108, ... |10%}
By {25,26,., 210}

A {107%,107%%, ... | 10%}

KRR

ELM

In KRR we chose to rely on the Gaussian kernel for the reason described in [119], and
then the regularisation hyperparameter A and the kernel coefficient y need to be tuned.

In ELM, we use the sigmoid activation function in the hidden layer and the linear
activation in the output layer. Then we need to tune the number of hidden neurons h; and
then the regularisation hyperparameter A on the weights of the last layer.

The summary of these hyperparameters with the associated search space is reported
in Table 4.3.

Note that, the selection of the best performing algorithm and the best hyperparameters,
will depend on the scenario under consideration and on two different metrics, namely
accuracy and computational requirements (see Section 4.2.2).

The performances, in terms of accuracy, will be measured in accordance with dif-
ferent metrics: three quantitative (the Mean Absolute Error - MAE, the Mean Absolute
Percentage Error - MAPE, and the Pearson Product-Moment Correlation Coefficient -
PPMCC) [163] and one qualitative (the scatter plot actual versus predicted value) [192].

The performances, in terms of computational requirements, will be measured by means
of time to build the model (Training Time) and time to make a prediction (Test Time).
Since our surrogate will be leveraged in the optimization phase (see Section 4.2.4), the
most important computational metric is the Test Time.

4.2.2 Surrogate validation and physical plausibility

In our work, we will study three different extrapolating scenarios based on the intrinsic
hierarchy of the dataset. This will allow us to understand the extrapolation ability and the
robustness of the different models described in the previous section (see Figure 4.4 for a
visual representation):

« LOVO: where we remove all the EFD corresponding to a particular velocity. Since
the EFD, for each geometry and each series, has been performed at different speeds,
we create an histogram of the velocities with 16 bins. For the sake of replicability,
one can find the final binning (with lower vy and upper v, bounds) reported in Ta-
ble 4.4. The LOVO scenario, then, is actually leaving out all the EFD following in
one of these bins. The scope of this scenario is to test the extrapolation ability of
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Table 4.4: Histogram of the velocities with 16 bins for the DSYHS EFD.

Bin 1 2 3 4 5 6 7 8 9 10 | 11 12 | 13 | 14 | 15 16
v] 0.00 | 0.30 | 0.62 | 0.94 | 1.26 | 1.58 | 1.90 | 2.22 | 2.54 | 2.86 | 3.18 | 3.50 | 3.82 | 4.14 | 4.46 | 4.78
vy []0.30]0.62|0.94|1.26 | 1.58 | 1.90 | 2.22 | 2.54 | 2.86 | 3.18 | 3.50 | 3.82 | 4.14 | 4.46 | 4.78 | 5.10

the model in terms of velocity, namely to estimate the resistance at a velocity never
observed before in the dataset;

« LOGO: where we remove all the EFD corresponding to a particular geometry (varia-
tion of a particular hull). The scope of this scenario is to test the extrapolation ability
of the model in terms of geometry, namely to estimate the resistance of a geometry
never observed before in the dataset;

« LOSO: where we remove all the EFD corresponding to a particular series (all varia-
tions of a particular parent hull). The scope of this scenario is to test the extrapola-
tion ability of the model in terms of series, namely to estimate the resistance for a
series never observed before in the dataset.

Note that the LOSO scenario is, in our work, the most interesting and useful one in prac-
tical applications. In fact, in practice, what we want to do is to generate geometry for a
new, previously unexplored series, and this is precisely the scope of the LOSO scenario:
we assume to have developed a few series, and we try to infer something for a new series
that was previously unexplored.

What remains to be addressed is how to tune the hyperparameters of the different
Machine Learning algorithms that we tested to generate the surrogate (see Section 4.2.1)
and how to assess their final performance [169].

For what concerns the last point, the answer is easy. Based on the different scenar-
ios (LOVO, LOGO, and LOSO) we have to split the data in Training D,, and Test T; sets
using the principle of the different extrapolating scenarios. For example, in the LOVO
scenario, we put all the EFD corresponding to one of the histogram bins in J; while the
remaining ones are kept in the D,. Then we can use D, to both train the model and se-
lect the associated best hyperparameters and use 7, to assess the performance of the final
model. Repeating multiple times, this procedure will give us the average performance in
the different scenarios.

Instead, for tuning the hyperparameters of the different Machine Learning algorithms,
we proceeded as follows. We took D, and split it into Learning £; and Validation V,,
sets considering the very same extrapolating scenario that we use for assessing the final
performance. Then we train each model with £; with many different hyperparameters
configurations and measure its performance on V,, according to the MAE. Then we re-
peated the experiment multiple times and selected the hyperparameters’ configuration
which gives the best average MAE on the validation sets. Finally, we retrained the model
with the selected best configuration of the hyperparameters on the whole D, which is the
model that will be used for testing purposes (see the previous paragraph).

To ensure the physical plausibility of the proposed surrogate, we leveraged a state-
of-the-art CFD model. For the DSYHS, EFD have been carried out by means of a large
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Figure 4.4: Visual representation of the three different extrapolating scenarios we investigated in this work based
on the intrinsic hierarchy of the dataset. In particular we highlighted data hidden from the training phase and
exploited just for testing purposes in orange.



4.2 Methodology 87

experimental campaign carried out at the Delft University of Technology towing tank*
and for this reason, they possess some level of uncertainty that cannot be removed.

Namely, the EFD were carried out using tangible models and the hydrostatic features
(of Table 4.2) were determined by human observation. Therefore, to measure the quality
of our surrogate we need to compare its performance against a baseline which, in our case,
is a state-of-the-art CFD model.

Unfortunately, the CFD model is too computationally expensive to run for all the ge-
ometries and velocities in the databases. For this reason, we will compare our surrogate
on a subset of them. In particular, we will consider the most challenging scenario, i.e., the
LOSO, and we will perform the comparison between the CFD and the proposed surrogate
models on the series which exhibit the largest deviation between the surrogate and the
EFD results.

For the CFD model, the mesh generation, the computation of the solution, and the post-
processing of results was carried out in Star CCM+° which is a state-of-the-art commercial
CFD package. The simulation domain was created to satisfy the following constraints: the
depth under the vessel was greater than twice the draft, the length of the domain after the
vessel was longer than twice the length of the vessel, and the width of the domain was 50%
larger than the length of the vessel. To reduce the computational demand of the simulation,
the hull was divided symmetrically along the longitudinal axis and only half of the problem
was simulated to assess the hydrodynamic performance. The CFD model is a finite volume
based viscous RANS solver which can compute the hull resistance in various calm-water
conditions by solving the underlying partial differential equations. For the problem at
hand, a RANS solver was used considering the k — w shear-stress turbulence model with
wall functions [250]. The boundaries of the domain were set so the symmetric and far-field
boundaries were considered as symmetry planes. The top, bottom, and inlet boundaries
were considered as velocity inlets while the outlet boundary was considered as a pressure
outlet. The volume of fluid technique was used to establish a free surface in the solution
and solving the underlying equations with the volume fraction of both water and air [94].
To find the solution of the hull resistance, the vessel was simulated using the dynamic
fluid body interaction module in Star CCM+° with two degrees of freedom (sink and trim),
which is in line with the experimental campaign outlined in [77, 121, 122]. The simulation
was set-up at a time-step of 0.001s and the behavior of the vessel simulated for a period
of 60s. The solution of the simulation was then taken as the time averaged response over
this period. The described CFD simulation was validated against the original EFD results
for a number of geometries to ensure it could be used for the physical plausibility of the
surrogate. A mesh coarsening procedure was carried out with 3 - 10°, 9 - 10°, and 3 - 10°
cells respectively to ensure there was grid independence. Results using the highest fidelity
mesh with 3 - 10° cells are presented in Section 4.3. Figure 4.5 shows the exploited mesh
for the CFD simulations with the Star CCM+°> package. The mesh included a surface mesh
refinement on the vessel hull and on the boundaries of the domain in addition to volume
mesh refinements around the hull, wake, and free surface.

“www. tudelft.nl/3me/over/afdelingen/maritime-and-transport-technology/research/
ship-hydromechanics/facilities/towing-tank-no-1
*www.plm.automation.siemens.com/global/en/products/simcenter/STAR-CCM.html
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Figure 4.5: The mesh exploited for the CFD simulations with the Star CCM+° package. The mesh included a
surface mesh refinement on the vessel hull and on the boundaries of the domain in addition to volume mesh
refinements around the hull, wake, and free surface.

4.2.3 Hull parametrization and parameter ranges

In this section, we will describe the adopted homomorphic parametrization, together with
the associated parameter range, that will be leveraged during the optimization phase (see
Section 4.2.1) to search for the best hull, i.e., the hull that will exhibit the best R; at ylow
and vii8h Tt is worth noting that this parametrization is decoupled from the one exploited
in the definition of the surrogate (see Section 4.2.4) as described in the introduction (see
Figure 4.2).

In particular, a parametric model for a sailing yacht hull [86, 109, 123, 173, 177-179]
was developed with the Siemens NX° software leveraging on 32 parameters. The full list
of parameters together with their description is reported in Table 4.5 and visualized in
Figure 4.6.

The 32 parameters govern the hull geometry through the use of B-Spline curves [203],
which in turn, drive the design of the yacht hull surface inside the parametric model. The
parametrization is directly related to control points on the B-Spline curves which allows
the parameters to be modified independently and ensures the desired homomorphic prop-
erties. Geometric constraints were imposed on the model to ensure GO0 (positional) and G1
(tangential) continuity at the intersection between adjacent splines to assist in producing
feasible designs. Additionally, the G2 (curvature) continuity was also applied to ensure
a smooth surface was retrieved from the model [109]. Figure 4.6 includes: an example
cross-section of the mid section (top left), an isometric view of the parametric hull (top
right), and a planar view in the xz plane of the parametric hull (bottom). Parameters de-
noted with an x or z define features in the xz plane and parameters denoted with y define
features in the xy plane. The parameters preceded by P refer to the B-spline control points
in the yz plane of each section.

For what concerns the parameters ranges, they have been designed following this prin-

‘www.plm.automation.siemens.com/global/en/products/nx/
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Table 4.5: The 32 parameters together with their description characterizing the adopted homomorphic parame-

trization for a sailing yacht hull developed with the Siemens NX ©.

l Symbol [ Description

H Symbol [ Description

X Length along the center line from the origin to the i Width from the center line to the first control point
Bow bow. Entr of entrance section.

Y Width from the center line to the bow section at pA Height from Zg,, to the first control point of en-
Bow the maximum height. Entr trance section.

7 Height from the origin to the bottom of the bow P2 Width from the center line to the second control
Bow section. Entr point of entrance section.

. . . . 2 Height from Zg,,, to the second control point of

Zax Height from the origin to maximum height. PEZnlr the intrance se]i:?iron P

X Length along the center line from the origin to the P Width from the center line to the first control point
Entr | entrance section. Mid of the first mid section.

v Width from the center line to the entrance section pA Height from Zy4 to the first control point of the
Entr at the maximum height. Mid first mid section.

7 Height from the origin to the bottom of the en- P2 Width from the center line to the first second point
Entr trance section. Mid of the first mid section.

X Length along the center line from the origin to the P2 Height from Zy;y to the second control point of
Mid first mid section. Mid the first mid section.

Yoo Width from the center line to the first mid section pri Width from the center line to the first control point
Mid at the maximum height. Run of the run section.

7 Height from the origin to the bottom of the first pi Height from Zg,, to the first control point of the
Mid mid section. Run run section.

X Length along the center line from the origin to the V2 Width from the center line to the second control
Run run section. Run point of the run section.

Y Width from the center line to the run section at the p2 Height from Zyg,, to the second control point of
Run maximum height Run the run section.

7 Height from the origin to the bottom of the run y1 Width from the center line to the first control point
Run section. Stern of the stern section.

X Length along the center line from the origin to the 2 Height from Zg,, to the first control point of the
Stern stern section. Stern stern section.

Y Width from the center line to the stern section at V2 Width from the center line to the second control
Stern the maximum height. Stern point of the stern section.

Z Height from the origin to the bottom of the stern 2 Height from Zg;.,,, to the second control point of
Stem | section. sten | the stern section.
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Figure 4.6: A visual representation of the 32 parameters characterizing the adopted homomorphic parametriza-
tion for a sailing yacht hull developed with Siemens NX ©.

(Xmid; Zmid)

ciple. First, for each parameter, we search for the minimum and maximum value in a spe-
cific series S, i.e., the series that we want to optimize (see Section 4.2.4). Then we increased
that range by §%. This extrapolation is especially useful because, in practice, we want to
be able to generate a geometry for a new, previously unexplored series rather than restrict
ourselves to preexisting designs. In the experiments, we will show that the § = 30% is the
limit threshold beyond which the surrogate starts to induce the optimizer into degener-
ate solutions. The parameter ranges extracted from the original 54 hulls belonging to the
DSYHS database are reported in Table 4.6.

The proposed homomorphic parametrization does not succumb to the limitations of
the current approaches, i.e., the need to re-parametrize each parent geometry, and is able
to cover the whole DSHYS database and beyond (i.e., up to §% of the DSHYS).

4.2.4 Optimisation framework

In this section we will present the proposed approach to the search for the best hull in a
series S;, in terms of the best R; at vHigh and vLO% i line with the referenced works [82,
158], leveraging the parametrization described in Section 4.2.3 and the surrogate described
in Section 4.2.1.

Since it is not a fair trade-off between the resistance R; and the volume of the hull V, i.e.,
having no submerged body will correspond to the case where the resistance is zero, and in
line with the original investigations of [77, 121, 122], we are concerned about optimizing
the relative resistance to the submerged volume (i.e., %)

Again, in line with the referenced works [98, 156], the optimization problem is subject
to a constraint to bound the volume according to a lower and upper boundary V; and V,,
respectively. V; and V,, have been set by searching for the minimum and maximum value
in a specific series S, i.e., the series that we want to optimize, because we aim to optimize
the geometry of a hull that fits within a particular series i.e., conforms to the same volume



4.2 Methodology 91

Table 4.6: The parameter ranges for the 32 geometric design parameters of the values extracted from the DSYHS
database. The parameter ranges are reported in mm.

Parameter [ Range H Parameter [ Range ]
Xpow [1650, 2200] Pl [6,43]
Yoow [1, 62] Pl [31,85]
Zpow [156,355] P2 [12,71]
Znviax [196,364] P2 [60, 165]
Xentr [1600,2050] P [154,349]
Yenu [18,97] Pl [63,121]
Znir [22,179] P2 [166,368]
Xid [800, 1050] P2 [127,244]
Yviid [173,371] P [72,274]
Zyid [-97.4] P [28,79]
XRun [-200,50] P2 [128,307]
Yiun [146, 327] P2 [64, 163]
Zun [29.180] Pl [9, 248]
Xstern [150, 400] Pe [4,71]
Ystern [26,292] P [17,273]
Zstemm 38, 282] PZ [7,139]

constraints.

At this point, we can formalize our problem as follows

. R(p, VHigh) R(p, VLOW)
min , , (4.1)
P V(p) v(p)
st. V< V(p) <V,

pi(®) < p < pu(d),

where p is the vector of the 32 parameters of the homomorphic parametrization of Ta-
ble 4.5, p;(6) and p,(5) are their lower and upper bounds of the parameters as a function
of 8, V(p) is the volume of the hull we want to optimize as a function of p estimated with
Nautilus!, V; and V,, are the upper and lower bound of V(p). Finally, R,(p,-) is the total re-
sistance as a function of p and the velocity (computed at vHigh and vEOW) estimated via the
surrogate described in Section 4.2.1 but where p induces the geometry and, based on the
geometry, Nautilus! estimates the quantities of Table 4.2 that together with the velocity
are the actual inputs of the surrogate.

Problem (4.1) is a non-linear non-linearly constrained multi-objective optimization
problem that is hard to optimize in practice.

The first step toward the solution of Problem (4.1) is to reformulate the problem as a
single objective one. For this purpose we will rely on a classical approach: replace the
multiple objectives with a weighted sum of the different objectives (changing the sign in
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Table 4.7: Parameters setting for the optimization algorithm exploited to solve Problem (4.2).

Algorithm [ Matlab Function [ Parameter [ Value ]
PopulationSize 5000
MaxGenerations 200

EA ga CrossoverFraction 0.8
EliteCount 1
Multi start (manually implemented) | 10

front to the objective so as to have all minimization or maximization) [62]

R High R Low
min AM +(1- A)M
P V(p) v(p)
S.t. vl S v(p) S vu’
pi(8) < p < pu(9),

, (4.2)

where A € [0, 1] defines the importance of the different objectives, i.e., for A — 1 we care
more about R,(p, vii&") than R,(p, v'°") and vice-versa for A — 0. Solving Problem (4.2)
for different values of A allows for the creation of the so-called Pareto frontier in a com-
putationally efficient way [62].

Problem (4.2) is a non-linear non-linearly constrained optimization problem. In order
to solve this problem different approaches can be exploited [127]. In the literature, there
are anumber of state-of-the-art algorithms available that are able to deal with this problem,
e.g., gradient descent [191], swarm [183], and evolutionary [226]. A series of no-free-lunch
theorems [252] ensure us that there is no way to choose a-priori the best optimization
algorithms for a particular problem and the only option is to empirically test multiple
approaches verifying which is actually the best one. As a consequence, to the best of
the authors’ knowledge and according to the literature on the subject [36, 70, 82, 140,
156], we opt for the Evolutionary Algorithm (EA) as it showed to be the best approach for
these class of problems. In particular, we relied on an EA-based optimization framework
built in MATLAB” using the function ga which is a variant implementation of the NSGA-
II [49, 153] Genetic Algorithm. Moreover, we customize the optimizer adding a multi-start
approach, running the algorithm multiple times keeping the best solution found in the
different starts. For the sake of repeatability, Table 4.7 reports the parameters’ set that
empirically produced the best results in the paper.

4.2.5 Optimisation framework physical plausibility
In this section, we will present the proposed approach to demonstrate the physical plau-
sibility of the solution (i.e., hull geometry) retrieved by solving Problem (4.1) through
Problem (4.2) with different A (see the previous section).

First, we need to better specify our definition of physical plausibility. In particular,
in this work, we consider the ability of the optimizer to find non-degenerate geometries,
namely geometries that in EFD will exhibit R,(p, vHighy and R,(p, VM%) far away from

"https://mathworks.com/products/matlab.html
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the one suggested by the optimizer. Such geometry is then considered non-physically
plausible. This outcome may happen for two main reasons, which are also connected

« the first one is because R;(p, vHighy and R,(p,v"*%) inserted in Problems (4.1) and (4.2)

are not the real resistances but a surrogate characterized by no infinite precision
and limited extrapolation abilities (this has been already tested in Section 4.2.2). As
a consequence, during exploration, the EA can spot false minima induced by the
imprecision and the extrapolation limitations of the surrogate model

« the second one is that the parameter space defined by p;(§) and p,(5), namely by

d is too large, requesting the optimizer to search within a parameter space that has
more risk of imprecise extrapolation of the surrogate.

For this reason, analogously to what has been done for the surrogate in Section 4.2.2,
we will test the geometries found by the optimizer with the Star CCM+° package checking
the deviation between the estimated R;(p, vHighy and Ri(p, v°%) and the one identified by
the surrogate and then the optimizer. In the CFD simulation based on the Star CCM+>
package, we exploited the same setting described in Section 4.2.2.

4.3 Experimental results

In this section, we will report the results of applying the methodology described in Sec-
tion 4.2 to solve the problem faced in this work using the data described in Section 4.1.

Specifically, we performed the following experiments

« in Section 4.3.1 we tested the quality of the surrogate model in the different extrap-
olating scenarios (LOVO, LOGO, and LOSO);

« in Section 4.3.2 we focused on the LOSO scenario, the most challenging and useful
in practice, testing the physical plausibility of the results against the CFD;

- in Section 4.3.3 we tested the quality of the optimization framework on a particular
series of the DSYHS showing that we can improve the current geometries with new
designs that we tested using CFD to verify their physical plausibility.

All experiments have been run on the DelftBlue supercomputer at the Delft High-

Performance Computing Center [50], which hosts 238 Compute nodes with a total of 476
Intel XEON E5-6248R 24C 3.0GHz CPUs and 192 GB of Memory per node.

4.3.1 Surrogate validation in extrapolation
In this section, we will report the performance of the surrogate models described in Sec-
tion 4.2.1 using the validation approaches described in Section 4.2.2 in the different extrap-
olating scenarios. In particular, we will compare the results of the different algorithms
employed to build the surrogate (RF, XGB, KRR, and ELM) on the different extrapolating
scenarios (LOVO, LOGO, and LOSO) using different metrics. For the metrics, we measured
the accuracy with both quantitative (MAE, MAPE, and PPMCC) and qualitative (scatter
plot) measures and the computational requirements (Training Time and Test Time).
Table 4.8 reports for all algorithms employed to build the surrogate (RF, XGB, KRR,
and ELM) and for all the different extrapolating scenarios (LOVO, LOGO, and LOSO) the
different metrics employed to evaluate the performance (MAE, MAPE, PPMCC, Training
Time, and Test Time). Figure 4.7, instead, reports the scatter plot for the best algorithm in
each scenario (ELM for LOVO and KRR for LOGO and LOSO) where we considered just
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Table 4.8: Surrogate Models Validation in the Extrapolating Scenarios: metrics employed to evaluate the perfor-
mance (MAE, MAPE, PPMCC, Training Time, and Test Time) for all algorithms employed to build the surrogate
(RF, XGB, KRR, and ELM) and for all the different extrapolating scenarios (LOVO, LOGO, and LOSO).

Accuracy Time

Scenario | Surrogate MAE MAPE PPMCC | Training Test
[NV] (%] (-] 10°[s] | 107 [s]
RF 256+ 1.14 | 0.96 £0.62 | 0.89+0.09 | 2.0+0.1 22402
LOVO XGB 2.35+1.07 | 0.89+0.63 | 0.96+0.02 1.8+0.1 5.0+03
KRR 4.75+5.26 | 214+277 | 0.85+0.19 | 0.1+0.1 9.6 £7.7
ELM 2.28+0.82 | 1.154+0.45 | 0.94+0.03 | 0.9+00 | 52+0.7
RF 2.224+1.39 | 0.12£0.05 | 0.99 £+ 0.00 1.9+£0.0 | 50+£03
LOGO XGB 1.65+£0.97 | 0.12+£0.04 | 0.99 £0.00 1.6+£0.0 | 52+£04
KRR 0.94+0.21 | 0.48 +£0.09 | 0.99 4+ 0.01 05+0.0 | 75+0.5
ELM 1.67 £0.35 | 0.63+0.09 | 0.99£0.00 | 59+£0.0 | 45+0.5
RF 2.84+1.67 | 0.16 £0.06 | 0.99+0.01 0.5+0.0 1.2+£03
LOSO XGB 2.334+147 | 0.14£0.08 | 0.99+0.00 | 04+£00 | 4.8+0.3
KRR 183 £1.07 | 0.11£0.03 | 0.994£0.00 | 0.1+0.0 | 7.6 £5.4
ELM 3.11+£1.99 | 0.16 £0.07 | 0.96 £0.01 0.1+£0.0 1.5+0.1

the Accuracy as a metric since the Test time differences are negligible.

From Table 4.8 and Figure 4.7 it is possible to observe that

« as the complexity of the extrapolation scenario increases (i.e., from LOVO to LOSO)
the average accuracy of the models, across all of the algorithms, decreases;

« the ELM is the best performing algorithm for the LOVO scenario, while the KRR is
the best performing algorithm for the LOGO and LOSO scenarios;

« despite the fact RF was demonstrated as the best algorithm overall in terms of Test
Time, differences with the other methods are negligible for our application (well
below fractions of milliseconds);

« final performance both in terms of accuracy (well below 1% of error) and Test Time
(less than 107> [s]) even in the most challenging scenario (LOSO) make these sur-
rogates perfect to be employed inside and automatic optimization framework (see
Section 4.2.4). In fact, in order to reach this level of accuracy, usually a CFD simula-
tion is required, but the same prediction takes around 1 hour with CFD.

4.3.2 Surrogate validation and physical plausibility in the LOSO sce-
nario

In this section, we will deepen the analysis of the performance of the best algorithm iden-

tified in Section 4.3.1 for the LOSO scenario (KRR), because, in practice, this is the most

interesting scenario. In fact, in practice, what we want to do is to generate geometry for

a new, previously unexplored series.

Let us start by validating the quality of the model on the different series and on the
different geometries.

Table 4.9 reports, for the KRR in the LOSO scenario, the different metrics of accuracy
(MAE, MAPE, and PPMCC) for each of the series. Instead, Figure 4.8 reports, for the KRR
in the LOSO scenario, the scatter plot for each of the series.

From Table 4.9 and Figure 4.8 it is possible to observe that the surrogate performs
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Figure 4.7: Surrogate Models Validation in the Extrapolating Scenarios: scatter plot for the best algorithm in
each scenario (ELM for LOVO and KRR for LOGO and LOSO) considering just the Accuracy as a metric since
the Test time differences are negligible (see Table 4.8).

Table 4.9: Surrogate Validation in the LOSO Scenario: metrics of accuracy (MAE, MAPE, and PPMCC) for each
of the series of the KRR (the best algorithm identified in Section 4.3.1).

. Accuracy
Series
MAE [N] [ MAPE [%] | PPMCC [-]

S 347 £0.94 | 1.26 £0.29 0.99 + 0.00
S, 3.13+£1.85 | 0.61+0.24 0.99 +0.02
S3 0.62 +0.34 | 0.62+0.35 1.00 + 0.00
M 2.28 £0.49 | 0.88+0.17 1.00 + 0.00
Se 0.86 £0.38 | 0.49+0.11 1.00 & 0.00
S; 0.62+0.18 | 0.37 £0.15 1.00 + 0.00
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Figure 4.8: Surrogate Validation in the LOSO Scenario: scatter plot for the KRR (the best algorithm identified in

Section 4.3.1) for each of the series (see Table 4.8).
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Table 4.10: Surrogate Validation in the LOSO Scenario: different metrics of accuracy (MAE, MAPE, and PPMCC)
for the best (i.e., the one exhibiting the smallest error) and worst (i.e., the one exhibiting the most significant
error) geometries in each of the series for the KRR in the LOSO scenario.

. Accuracy Accuracy
Series || Best Worst
MAE [N] [ MAPE [7%] | PPMCC MAE [N] [ MAPE [%] [ PPMCC
S, G, 1.50 0.60 0.99 Gs 10.47 1.83 0.99
S, G, 0.34 0.29 0.99 Gs 531 1.00 0.99
S, G, 0.11 0.14 0.99 G, 1.47 1.52 0.99
Sy Gy 0.77 0.86 0.99 Gs 3.63 1.42 0.99
S G, 0.58 037 0.99 G, 0.98 053 0.99
s, G, 051 0.27 0.99 G, 0.72 0.44 0.99

better on some series than on others. This is due to several reasons

« the performance of the surrogate decreases at higher speeds as less experiments
have been performed at higher speeds. As a matter of fact, for S;, S,, and Sy, the
poor performance is exhibited around Resistances in the range from 40-100N (see
Figures 4.8a, 4.8b, and 4.8d);

« the poor performance for S; as the LOSO (Figure 4.8a) is related to the fact that
there are significantly more geometries in this series than in any other (22 out of 47
geometries according to Table 4.1). Consequently, when we check S; in the LOSO
scenario, we have very few geometries to learn our model.

Let us continue this section with the test of the physical plausibility of the surrogate.

First, we have to look in detail at the performance of the surrogate in each geometry of
the series. Since reporting all the errors for all the geometries of all the series is not mean-
ingful, we decided to report in Table 4.10, for the KRR in the LOSO scenario, the different
metrics of accuracy (MAE, MAPE, and PPMCC) for the best (i.e., the one exhibiting the
smallest error) and worst (i.e., the one exhibiting the most significant error) geometries in
each of the series.

From Table 4.10, it is possible to observe how the gap between the best and the worst
geometries can be significant. Nevertheless, large or small here is not a concept that we
can define without having a baseline.

For this reason, in Figure 4.9, we reported, for the best and worst geometry in each
of the series as in Table 4.10, the comparison between the EFD (the available data), the
KRR surrogate (that we learned from the EFD in the LOSO scenario), and the CFD (using
the StarCCM+°> package as described in Section 4.2.5). Note that, for the EFD just few
points are actually known and we linearly interpolate between them. For the CFD, we
have the same issue since making one prediction, as pointed out in Section 4.3.1, takes
a few hours. Instead, for the KRR, we can make prediction for a huge number of points
since only fractions of milliseconds are needed (see Table 4.8).

From Table 4.10 and Figure 4.9, we can observe that the deviation of the KRR-based
surrogate from the EFD is, in terms of magnitude, similar, when not better, than the one
of the CFD even when we consider the geometry in which the surrogate performs worse.
Moreover, the resistance behaviour as a function of the speed is quantitatively aligned
with the expectations. In conclusion, the KRR-based surrogate performance and physi-
cal plausibility can be considered at the level of a state-of-the-art CFD-based model at a
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Figure 4.9: Surrogate Physical Plausibility in the LOSO Scenario: comparison between the EFD (the available
data), the KRR surrogate (that we learned from the EFD in the LOSO scenario), and the CFD (using the StarCCM+°
package as described in Section 4.2.5) for the best and worst geometry in each of the series as in Table 4.10.
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fraction of its computational requirements: from hours to a fraction of milliseconds.

4.3.3 Optimization framework validation and physical plausibility
At this point, we have empirically shown that the proposed parametrization and the sur-
rogate are able to work well also in extrapolating scenarios matching the performance, in
terms of accuracy and physical plausibility, of state-of-the-art CFD models at a fraction of
their computational requirements. In this section, we will leverage this surrogate in the
optimization framework proposed in Section 4.2.4, validating its performance by means
of the approach described in Section 4.2.5.

For computational constraints (i.e., using the CFD too many times would result in
months of simulations) in this section we limit the analysis to the optimization of a single
series S;. In order to have a realistic baseline (i.e., EFD data) we designed a specific ex-
periment: we trained the surrogate with the EFD of all the series in the DSYHS except S;
simulating the need to design a vessel exactly in the missing series. In this way, the EFD
data of S; will function as a realistic baseline to compare with the results of our optimiza-
tion. Note that, with this approach, we are actually using the surrogate as in the LOSO
scenario. Then we solved the optimization problem of Section 4.2.4 using this surrogate as
resistance predictor for different values of A € [0, 1] and with the parameter range induced
by the S; (see Section 4.2.4) computing the Pareto frontier of the geometries. The Pareto
frontier of the geometries is then compared with the EFD data of the S; (where we linearly
interpolated between the available data). Moreover, for each one of the geometries on the
Pareto we computed the resistance at high and low speed with the CFD.

We set §; = Sy this choice is based on Table 4.9 as this is the series that exhibits
approximately the average performance of the surrogate in the LOSO scenario (i.e., it is
not the most challenging nor the simplest series to predict but is an average to challenging
one). For S, the p;(§) and p, () are reported in Table 4.6 while V; = 19 - 10~ m> and
V, = 48-107° m3. We reported the results for different values of § € {10, 20,30}% and
A €{0,0.1, -, 1} linearly interpolating between this value.

Rt(P,VHigh) Rt(P,VLOW)
V

Figure 4.10 reports the Pareto frontier ( o)

y-axis) for different values of A and § together with the EFD data and the CFD validation
as just described. Additionally, Figure 4.11 reports a comparison of the body plans® for the
baseline geometry belonging to S, and the optimized ones with A = 1 and § € {10, 20, 30}%.
Setting A = 1 implies that we prefer to minimise the resistance at vHigh, representing a
typical velocity for high-speed operations where we should observe the most significant
differences in optimal performance.

on the x-axis and on the

From Figures 4.10 and 4.11 we can observe that

« when § is small (Figure 4.10a, § = 10%) the optimization framework coupled with
the surrogate is able to find geometries that match the performance of the one in
S4 without any a-priori knowledge of the geometries belonging to S4. Nevertheless,
it is worth noting how the geometry found by the optimizer (Figure 4.11a), even
if having a similar performance, is quite different. This is due to the fact that the

*The body plan is commonly used in naval architecture to display hull geometries and contains the set of trans-
verse sections (the fore of the hull is on the left, and the aft on the right).
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Figure 4.10: Optimization Framework Validation and Physical Plausibility: Pareto frontier (R‘(l;’(—‘/:)g) on the x-

axis and R’(g’(—::w) on the y-axis) for different values of A and § together with the EFD data and the CFD.
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Figure 4.11: Optimization Framework Validation and Physical Plausibility: a comparison of the body plans® for
the baseline geometry belonging to S; and the optimized ones with A = 1 and § € {10%, 20%, 30%}.
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optimization problem is surely simplified, not taking into account all the realistic
constraints that impact the design of a hull geometry (e.g., stability and seakeeping);

« when ¢ is a bit larger (Figure 4.10b, § = 20%) the surrogate is able to exceed remark-
ably, according to the surrogate, the performance of the S; geometry. However, this
is a bit optimistic when checking the resistance at high speed: when using the CFD
to estimate the resistance of the geometry found with the surrogate there is a reduc-
tion of this performance gain which remains still remarkable. Also in this case note
that the differences in the geometries (Figure 4.11b) stars to enlarge;

« when we further increase § (Figure 4.10c, § = 30%) the surrogate can exceed even
more, according to the surrogate, the performance of the S; geometry. However,
this is just a numerical artefact when checking the resistance at high speed due to
the extrapolation limits of the surrogate. In fact, when using the CFD to estimate
the resistance of the geometry found with the surrogate, there is a reduction of
this performance that brings us back to the gain found when § was smaller. Note
that in this case the geometry (Figure 4.11b) is quite similar to the case of § = 20%
(Figure 4.11b).

Finally, for the sake of completeness, a qualitative indicator of the quality of the op-
timized geometry with A = 1 (for the same reasons as before) and § € {10, 20,30}% is
reported in Figure 4.12 which shows the wave profile at vHigh of the original S4 hull (top
half) and the difference with the optimized parametric hulls (bottom half).

From Figure 4.12 we can observe that

« in all cases there is a noticeable difference between the original hulls and the opti-
mized hulls;

« when ¢ = 10 (Figure 4.12a) there is little significant difference (indicated by the lack
of white color in the bottom half of the figure) which is expected due to the fact that
the representation space is constrained around that of the original hull;

« when § = 20 or § = 30 (Figures 4.12b and 4.12c) there is a more significant difference
between the original and optimized wave profiles (indicated by the presence of white
color in the bottom half of the figures) which is in agreement with the results of
Figure 4.10.
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Figure 4.12: Optimization Framework Validation and Physical Plausibility: quality of the geometry generated in
S, with A = 1 and § € {10, 20,30}% using the wave profile at v1€" of the baseline hull belonging to S, (top half)
and the difference with the optimized one (bottom half).
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4.4 Chapter Summary

In this work, we tackled the problem of vessel hull resistance optimization, which is cru-
cial for achieving optimal performance and reducing environmental impact. First, we
reviewed the current approach in the literature that mostly relies on a mix of human ex-
perience and DDMs: human experts define, via parametrization and parameter ranges, a
series of geometries; a surrogate of the relationship between these parameters and the
resistance, based on data from EFD or CFD, is built to interpolate within the defined pa-
rameter ranges; finally, the optimal parameters are found by optimizing, with more or
less human intervention, the surrogate and used to retrieve the optimal geometry. Sev-
eral limitations of the existing approaches were identified, including the need for human
intervention in geometry parametrization and optimization, extensive computational ef-
forts and costs, and limited ability to work beyond the specific settings. To overcome those
limitations, and to the best of the authors’ knowledge, for the first time in the literature, we
proposed a parametrization able to accurately describe the entire DSYHS that was decou-
pled from the one needed to create the DDM. We showed that the DDM can be directly
trained on the DSYHS EFD dataset, avoiding the need for new CFD or EFD customized
for the specific problem, and match the performance of state-of-the-art CFD models even
in extrapolating conditions (i.e., for geometries and parameter ranges beyond the bound-
aries used to construct the surrogate), with physical plausibility and minimal human in-
tervention. Apart from the methodological contribution, we also validated our approach
to developing DDMs on different and increasingly challenging extrapolating conditions
with statistical methods using the DSYHS EFD dataset and for physical plausibility using
state-of-the-art CFD models. We demonstrated the effectiveness of our proposal by show-
ing that it is possible to optimize the hull resistance by exploring geometric parameters
beyond the boundaries of the DSYHS.
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Decoupling Hull Resistance
Optimization for Computational
Efficiency and Physical Plausibility

Accurate and computationally tractable prediction of calm-water resistance is essential for
effective hull-form optimization. While Data-Driven Surrogates (DDSs) provide efficient in-
ference during optimization, their construction is hindered by time-intensive Computational
Fluid Dynamics (CFD) simulations or Experimental Fluid Dynamics (EFD) simulations, and
their reliance on parametrization-specific design spaces. Building on the previous work done
in Chapter 4, which tackled this challenge for sailing yacht hull forms, we expand our ap-
proach to more topologically complex hull forms. We propose a novel surrogate modeling
approach that decouples geometry representation from performance prediction using hydro-
static and stability features as input, enabling transfer across parametrizations and parent
hulls. This allows leveraging historical CFD datasets to construct DDSs and reduces new simu-
lation costs. We validate the proposed pipeline across interpolation, extrapolation, and hybrid
enrichment scenarios on three benchmark hulls (KCS, 5175, DTC). Results show that the pro-
posed decoupled approach has comparable accuracy to parametrization-based surrogates in
interpolation settings, and superior performance in extrapolation scenarios when we enrich
historical data sets with problem specific data. This approach represents a step towards im-
proving the generalizability of DDSs for hull-form optimization, reducing the computational
cost of building DDSs, and improving the physical interpretability of DDS input features.

This chapter is partly based on J. M. Walker, A. Coraddu, and L. Oneto. Decoupled Hull Resistance Prediction:
A Computationally Aware and Physically Plausible Approach for Data-Driven Surrogates. In Proceedings of the
12th Conference on Computational Methods in Marine Engineering, Edinburgh, Scotland, 2025 [3).
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D esigning efficient ship hulls under evolving operational, economic, and environmen-
tal conditions remains a central challenge in naval architecture. Classical designs are
increasingly misaligned with modern demands shaped by changing trade routes, emission
regulations, volatile fuel prices [193, 223, 254], alternative propulsion systems [67], and
mission-specific constraints. To remain competitive, ship designers must generate novel
hull forms or refine existing ones to meet a growing set of Key Performance Indicators
(KPIs), including regulatory compliance, safety, and energy efficiency.

A critical factor optimizing the energy efficiency is the accurate prediction of calm-
water resistance (R;). High-fidelity Computational Fluid Dynamics (CFD) techniques de-
liver dependable predictions; however, they impose an excessive computational load for
the scales needed for use within the context of hull-form optimization. As a result, Data-
Driven Surrogates (DDSs) have emerged as effective approximators trained on CFD data,
offering fast inference and low computational cost in the forward phase (i.e., predictions
in milliseconds or less) [238].

The DDS-based hull-form optimization (DSO) workflow [238] typically consists of the
following four sequential steps:

1. Parametrization and KPI definition: Establishing geometric parameters and per-

formance indicators to characterize the hull design;

2. Data sampling and surrogate model training: Generating design samples (e.g.,
via DoE or Latin Hypercube) and constructing surrogate models to approximate
performance metrics;

3. Numerical optimization: Solving the optimization problem using surrogate mod-
els to identify promising hull forms;

4. Expertvalidation and feedback: Evaluating selected designs through expert judg-
ment and high-fidelity simulations to refine the design loop.

In Step 1, the starting point for the optimization is chosen (i.e., a parent hull-form),
parametrized with a finite-dimensional modification vector, and the KPI to be optimized
is selected (e.g., R;).

In Step 2, a limited number of example hull-form variations are generated, and their
performance is assessed using CFD to construct a representative database. A DDS is
trained to learn the input-output relationship between the hull-form modification param-
eters and Ry, producing a surrogate with negligible computational load during optimiza-
tion. This makes the DDS ideally suited for Step 3, where the numerical optimization is
performed to optimize the modification parameters and identify the best-performing hull
variant. Finally, in Step 4, the optimal hull is validated using high-fidelity CFD or expert
review, with feedback optionally passed to earlier stages.

However, the current DSO workflow exhibits two fundamental limitations. First, DDSs
are built on features derived from specific parametrization schemes such as Free-Form
Deformation (FFD) or Radial Basis Function (RBF) networks. This tightly couples each
DDS to a specific parent hull and modification framework, limiting their reusability when
changes are made to the parametrization. Changing the parametrization or hull family
typically requires generating new data and retraining from scratch. Second, most DDSs
are trained to interpolate. They perform well within the boundaries of the training data,
but their predictions deteriorate rapidly when extrapolating to unseen geometries. This
limits their usefulness in exploratory design, where optimal solutions may lie outside the
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sampled parameter space.

Prior efforts to address these limitations have made partial progress. In [235, 239],
the authors demonstrated that DDSs trained on historical CFD datasets can be reused
for hull-form optimization by decoupling geometry modifications from KPI predictions in
a simplified design scenario. Using the Delft Systematic Yacht Hull Series, they trained
models on hydrostatics-derived inputs to predict calm-water resistance, showing promis-
ing extrapolation across systematic variations. However, the underlying hulls shared high
topological similarity, limiting the generalizability of the findings.

In [69], authors developed DDSs using hydrostatics-based features across three hull
series (79 total hulls). Although their dataset was broader, extrapolation was only tested
on a limited number of unseen configurations, and again in the context of geometrically
similar sailing yachts.

In [159], authors investigated the prediction of added-wave resistance for dissimilar
hull types (e.g., container ships and tankers), enriching hydrostatics-based features with
non-linear transformations informed by domain knowledge. Their DDSs achieved good
alignment with CFD and experiments, though the focus was on added resistance rather
than calm-water R;.

Building on these insights, our work extends the applicability of hydrostatics-based
DDSs to a higher-complexity problem, extrapolating predictions between benchmark par-
ent hull-forms. In particular, to address the limitations of the current DSO workflow, we
propose a DDS framework that is decoupled from the geometry modification parameters,
allowing for a more computationally aware approach (because our approach is less data-
hungry) and physically plausiblity (because our approach is trained on parameters which
have a physical meaning). Rather than relying on the geometry modification parameters,
we use hydrostatic and stability features, such as centers of buoyancy, waterplane area,
and moments of inertia that are intrinsic to the hull geometry, to train the DDS. These fea-
tures, such as buoyancy centers, waterplane area, or moments of inertia, are computable
for any hull shape regardless of how it was generated. This allows the DDS to general-
ize across parent hull-forms, reuse historical CFD datasets, and remain valid when the
parametrization scheme is modified.

We test the proposed decoupled approach to hull-form resistance prediction on three
canonical hulls: KCS, S175, and DTC. For each, we generate CFD-evaluated datasets based
on Free-Form Deformation (FFD) induced datasets, and extract the hydrostatic and stabil-
ity descriptors from the geometry using the publicly available Nautilus code* [239]). We
then train DDSs to predict R; from these features under four evaluation settings: i) in-
terpolation within a given parent hull’s design space (benchmarked against the standard
approach using the geometry modification parameters); ii) a 1-to-1 extrapolation learning
from one parent hull-form and extrapolating to unseen hull families; iii) a leave-one-out
extrapolation learning from two parent hull-forms and extrapolating to an unseen family;
iv) a hybrid approach based on enriching the leave-one-out scenario with varying samples
from the unseen family. To the best of the authors’ knowledge, this is the first study to
demonstrate that DDSs can be constructed from historical CFD datasets and adapted to
new problems via data enrichment. The key rationale is to reduce the computational cost
of training DDSs by leveraging existing data and requiring fewer new CFD samples than

'https://github.com/mai-lab-tud/nautilus
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the conventional approach, which relies entirely on generating new CFD simulations for
each optimization problem.

Our results show that the decoupled DDS framework based on the hydrostatic input
matches the performance of traditional geometry modification parameter-based DDSs for
resistance prediction in interpolation settings. In extrapolation scenarios, where conven-
tional DDSs are not able to perform, we show that the DDSs developed with the decoupled
approach are still able to perform well in optimizaztion tasks. Crucially, we show that with
modest data enrichment (10-30% of new CFD simulations), we are able to significantly im-
prove performance, and when data enrichment reaches 70% of new CFD simulations, we
are able to match the performance of DDSs built 100% These findings demonstrate that
embedding physical knowledge in the feature space—rather than in the parametrization—
enables transferable, interpretable, and computationally efficient surrogate models, and
can lower the computational cost of training DDSs by up to 30% by requiring less data.

The remainder of this paper is structured as follows: Section 5.1 describes the prob-
lem formulation and dataset construction; Section 5.2 presents the surrogate modeling
approach and optimization framework; Section 5.3 reports and analyzes the experimen-
tal results; and Section 5.4 summarizes the conclusions and outlines directions for future
work.

5.1 Problem and Data

We consider the problem of predicting calm water resistance R; for a given hull geometry
using DDS based on an input space that is decoupled from geometry modifications and is
physically interpretable. Conventionally, the DDS input features are derived solely from
the geometry modification parameters (e.g., FFD control points), which are specific to the
parametrization scheme and parent hull. This makes the DDS sensitive to reparametriza-
tion and unable to generalize across different parent hulls. Instead, we propose to decouple
geometry representation from performance prediction by using hydrostatic and stability
features as input. By using these features, our DDS becomes parametrization-agnostic and
is better suited for extrapolation and data reuse.

To test the proposed modifications to the DSO pipeline (see introduction to Chapter 5)
we leverage three parent hull-forms commonly found in the literature (KCS [36, 71, 156],
S175 [71], and DTC [61, 71, 228]). We generate the database by creating hull-form vari-

Table 5.1: Parent Hulls and Main Particulars.

Name Al-] T[m] V[m?] Lwl[m] By, [m]
KCS 31.599 0.342 1.649 7.356 1.020
S175 40 0.238 0.364 4.382 0.621
DTC 59.407 0.244 0.826 6.090 0.858

ations of each of the parent hull-forms. We employ the Free-Form Deformation (FFD)
method [227] for this task, which provides an effective means to generate diverse designs
while ensuring geometric continuity and feasibility. FFD approach overlays a control net-
work, consisting of control points, onto the parent hull design, enabling the generation of
candidate hull forms by displacing these control points.
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Figure 5.1: FFD parametrization grid.

We use an in-house developed FFD tool based on subdivision surfaces [34]. The control
network consists of two overlapping subnetworks: a global network covering the entire
hull with 24 control points, and a local network focused on the bulbous bow with 12
control points. The hierarchical structure of the networks increases the density of control
points around the bulbous bow to better capture its intricate geometry.

A symmetry constraint along the XZ plane reduces the number of independent control
points to 12. The degrees of freedom (DoF) of the global control points are restricted to
displacements along the X and Y axes, while the local control points are unrestricted. The
parameter vector x = [xq, -+, Xy9]| defines the displacements of the control points: the first
16 elements govern the global network, and the last 13 control the local network. The FFD
Parametrization grid is vizualized in Figure 5.1.

The FFD parametrization, which is fixed during optimization, translates a parent hull-
form into a variation based on the modification vector x, which is varied during opti-
mization. Parameter bounds are defined to ensure the hull variations are bounded within
a feasible range. The global control network parameters are constrained to move up to
+10% along the vessel’s length and £20% along its width, while the local control network
parameters for the bulbous bow are restricted to +10% in all directions. This approach en-
sures efficient parameterization for optimization while maintaining geometric consistency
across various hull designs. For each parent hull-form, we sampled 90 variation hull-forms
from the design space and simulated them using a state-of-the-art commercial CFD solver,
Star CCM+, at two independently random Froude numbers in the range [0.108, 0.280]. The
mesh in Star CCM+ is the same as reported in Chapter 3. The details of the dataset are
reported in 5.2.

Table 5.2: Overview of the datasets generated via Free-Form Deformation (FFD) for each parent hull. The input
range corresponds to the normalized bounds of the 29-dimensional design variable vector x, used to displace
control points and generate geometric variations. The output range refers to the computed total resistance R;
from CFD simulations over the Froude Range.

Parent | Samples | Froude Range [-] Input Range [-] Output Range [N]
DTC 180 [—0.891,0.891] [8.250, 230.100]
KCs 180 [0.108,0.280] [-0.737,0.737] [4.008,81.968]
S175 180 [—0.428,0.428] [2.850,53.177]

The dataset in Table 5.2 supports the standard DDS construction approach using ge-
ometry modification parameter-based inputs. However, our objective is to address the
limitations of the current DSO workflow by decoupling the DDS from the geometry mod-
ification parameters, allowing for a more computationally aware approach and physical
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Figure 5.2: Graphical representation of segmenting a hull into h = 5 sections along the vertical axis.

plausibility. To support this, we modify the DSO pipeline by redefining the input space us-
ing hydrostatic and stability properties. Inspired by our earlier work [235, 239]; however,
we adapt the construction of the features in this work to suit the complex geometries of
the selected parent hull-forms.

We extract hydrostatic and stability features of the variant hull-forms as follows:

« We segment each hull into h vertical sections extending from the waterline to the

keel;

« For each segment, we compute hydrostatic quantities such as buoyancy centers,

waterplane area, and moments of inertia;

« We also extract global stability metrics to evaluate design feasibility.

The complete list of geometry, hydrostatics, and stability features is shown in Table 5.3,
and a visual example of hull segmentation is shown in Figure 5.2. This procedure results
in a feature vector of R1% used as input to the DDS (i.e., the 20 features of Table 5.3 for
h = 5 vertical sections - drafts).

Table 5.3: Geometry, Hydrostatics, and Stability Features.

[ Feature [ Symbol ] Feature [ Symbol |

Draft T Waterplane length Lwl

Volume A% Waterplane beam Bwl

Wetted Surface Sw Center of Flotation in X FX
Center of Buoyancy in X BX Center of Flotation in Y FY
Center of Buoyancy in Y BY Center of Flotation in Z FZ
Center of Buoyancy in Z BZ Moment of inertia in X Ix
Area A Moment of inertia in Y Iy

Minimum Coordinate in X Xnin Maximum Coordinate in X Xinax

Minimum Coordinate in Y Yiin Maximum Coordinate in Y Yinax

Minimum Coordinate in Z Zrnin Maximum Coordinate in Z Znax

With the modified input space in place, we now need to test its impact on DDS perfor-
mance using four experimental setups:
« Benchmarking against the conventional DDS approach using FFD parameters (Ta-
ble 5.2);
« Training DDS models using hydrostatic and stability inputs;
« Assessing extrapolation performance by testing on unseen hull families;
« Evaluating enrichment strategies where extrapolated DDS models are partially sup-
plemented with samples from the target hull family.
Subsequently, to validate the performance of the proposed approach, we apply these
DDS models to an optimization task:
« First, we optimize with the baseline DDS trained on FFD inputs;
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« Second, we optimize using a DDS trained on hydrostatic features;

« Third, we evaluate optimization with an extrapolated DDS (trained on unrelated
hulls);

« Finally, we analyze optimization results under DDS models enriched with partial
samples from the target hull.

5.2 Method

5.2.1 DDS Construction

The problem of predicting R, based on the FFD parametrization or the hydrostatic and sta-
bility features, and Fr, can be mapped to a typical regression problem by Machine Learn-
ing [202, 206]. We use a popular and effective Machine Learning algorithm, Kernel Ridge
Regression (KRR) [206], to build the DDS in this work. In KRR we chose to rely on the
Gaussian kernel for the reason described in [119], and then the regularization hyperpa-
rameter A and the kernel coefficient y need to be tuned. Note that the selection of the
best-performing algorithm and the best hyperparameters will depend on the scenario un-
der consideration and the model’s performance.

The performance, in terms of accuracy, will be measured in accordance with differ-
ent metrics: three quantitative (the Mean Absolute Error - MAE, the Mean Absolute
Percentage Error - MAPE, and the Pearson Product-Moment Correlation Coefficient -
PPMCC) [163] and one qualitative (the scatter plot of the actual versus predicted value) [192].

5.2.2 DDS Validation

In our work, we will study different DDSs based on either interpolating (i.e., when data
comes from a single parent hull-form) or extrapolating (i.e., training data comes from one
parent hull-form and the DDS is tested on another parent hull-form). This will allow us
to understand the extrapolation ability of the DDSs and address the problems described
in Section 5.1. The problems we still have to face are how to tune the hyperparameters
for this approach (4, y) and how to estimate the performance of the final model. Model
Selection (MS) and Error Estimation (EE) deal exactly with these problems [169].

When it comes to the interpolation approach, we can use resampling techniques, which
are commonly used by researchers and practitioners because they work well in most sit-
uations [169]. Resampling techniques are based on a simple idea: the original dataset is
resampled once or many times, with or without replacement, to build three independent
datasets called learning, validation, and test sets. The simple idea is that the set of hyper-
parameters that allows achieving a small error on the validation set, which is independent
from the learning set used to train the model, should also allow us to perform well on the
independent test set. In this work, we will rely on Complete k-fold cross validation, and
the resampling must be done without replacement [169].

Instead, for the extrapolation approaches, we take inspiration from our previous work [239].

We perform a Leave One Out (LOO) extrapolation test based on the parent hull-form and
the validation is performed according to the method described in our previous work.
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5.2.3 Optimization Problem

To test the DDSs in an example optimization scenario, we have constructed a multi-objective
problem where the total resistance is evaluated at both a low and high Froude number
to account for operational trade-offs between, e.g., slow steaming and fast cruising. Let
Fr'®% = 0.108 and Fr''8" = 0.260 be the two selected operating conditions. The optimiza-
tion seeks a parameter vector x that defines the free-form deformation of the parent hull
geometry, minimizing a weighted combination of total resistance R,(x, Fr) at both speeds:

min A, R(x, FrU8M) 4 (1 - 1), R,(x, Fr*°™), (5.1)

xl<x<xt

where A € [0, 1] controls the trade-off between the objectives.
The optimization is subject to constraints on draft, trim, and displacement:

T(x) = TP,
0(x) = 0P,
0.9-VP <V(x)<1.1-VP

where T?, 0P, and V? denote the draft, trim, and displacement of the parent hull, respec-
tively.

Problem (5.1) is a non-linear optimization problem with both non-linear equality and
inequality constraints. To solve it, we adopt an evolutionary algorithm (EA)-based ap-
proach implemented in MATLAB using the ga function, which provides a variant of the
NSGA-II Genetic Algorithm [49, 153]. To improve robustness and mitigate the risk of con-
vergence to local minima, we incorporate a manually implemented multi-start strategy,
executing the algorithm independently across ten runs and retaining the best solution
found. The optimizer is configured with a population size of 5000, a maximum of 200
generations, a crossover fraction of 0.8, and an elite count of 1.

5.3 Results

In this section, we evaluate the performance of the proposed DDS configurations and
optimization strategies described in Section 5.2 to address the problem and data described
in Section 5.1. Our goal is to assess how well different DDS input spaces generalize across
parent hull-forms and how effectively they support the design optimization process. We
organize the results into two parts. First, in Section 5.3.1, we address the modifications
to the DSO pipeline by proposing an alternative decoupled approach to predict R, with
DDSs. Then, in Section 5.3.2, we test our proposed DDSs by performing the numerical
optimization of an example problem.

5.3.1 DDS Results

Table 5.4 reports the benchmarking for the DDS trained on the FFD parametrization (x)
as input (i.e., Table 5.2) to predict R; for the hull-forms derived from each parent (DTC,
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Table 5.4: Performance of DDS for each parent hull using an input space composed of Froude number and FFD
parameters x. The models are trained and tested using data belonging to just one parent-hull (i.e., interpolation)
and the reported metrics refer to predictions of total resistance R;.

Target | MAE [N]  MAPE [%] R2 [] PPMCC [-]
DTC 437+213  1.00+£000 091+005  0.96+003
KCS 234+£083  097£005 096+006  0.98+0.02
S175 0654015 0994005  093+£007  0.97+003

20

(V]

10

Predicted R;
Predicted R;
N\

)£
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 10 20
Real R, [N] Real Ry [N] Real Ry [N]

(a) DTC. (b) KCS. () S175.

Figure 5.3: Scatter Plot of real versus predicted total resistance R; for each parent hull using an input space
composed the of Froude number and FFD parameters x.

$175, and KCS). The models are trained and tested using data belonging to just one parent-
hull (i.e., the interpolation scenario) and the reported metrics refer to predictions of total
resistance R;.
From Table 5.4 it can be observed that
« DDS models trained on FFD parameters demonstrate strong interpolation perfor-
mance;
« KCS achieves the lowest MAE (2.34 N) and highest R? (0.96), indicating high accu-
racy;
« All models show strong and consistent performance with MAPE around 1%;
Figure 5.3 shows the Scatter Plot of real versus predicted total resistance R; for each
parent hull using an input space composed the of Froude number and FFD parameters x.
Table 5.5 shows the same experiment as Table 5.4, but the input space of the DDS
is now composed of the hydrostatic and stability features. The models are trained and
tested using data belonging to just one parent-hull (i.e., the interpolation scenario), and
the reported metrics refer to predictions of total resistance R;.
From Table 5.5 it can be observed that
« Hydrostatic features offer competitive or superior interpolation performance com-

Table 5.5: Performance of DDS for each parent hull using an input space composed of the Froude number and the
hydrostatic and stability features. The models are trained and tested using data belonging to just one parent-hull
(i.e., interpolation), and the reported metrics refer to predictions of total resistance R;.

Target | MAE [N]  MAPE [%] R2[-] PPMCC [-]
DTC 404+£210 1.00£000 091+012  0.96+0.06
KCS 148£070  097£0.05 0984004  0.990.01
175 0584022 1004000 095004  0.97+002
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Figure 5.4: Scatter Plot of real versus predicted total resistance R; for each parent hull using an input space
composed of the Froude number and the hydrostatic features.

pared to FFD inputs.
« KCS again achieves the best performance (MAE = 1.48 N, R? = 0.98).
« For $175, both MAE and R? improve relative to the FFD input case.

« The DTC performance is stable, showing the robustness of hydrostatic inputs.

Figure 5.4 shows the Scatter Plot of real versus predicted total resistance R; for each
parent hull using an input space composed of the Froude number and the hydrostatic and
stability features.

Now that we have addressed the interpolation DDSs, we want to test the extrapolation
capabilities. The first extrapolation models are trained on data belonging to a particular
parent hull, and the reported metrics refer to predictions of total resistance R; on different
parent hulls.

Figure 5.5 shows the Scatter plots comparing predicted and true total resistance R; for
all 1-to-1 evaluation cases. Each row corresponds to a surrogate model trained on a single
parent hull (DTC, KCS, S175), and each column shows predictions made on a different hull
(i.e., in the extrapolation scenario). The interpolation scenarios are found in Figure 5.4.
MAE values evaluated with a 95% confidence interval are shown in the sub-captions.

From Figure 5.5 it can be observed that

« DDSs exhibit variable extrapolation capability across parent hulls.

« Models trained on S175 generalize poorly to DTC and KCS (high MAE, low R?).

« DTC—KCS and KCS—S175 are more successful, suggesting moderate geometry sim-

ilarity.

« Worst case: $175—-DTC (MAE = 32.74 N, R? = 0.32).

Actually, these results are reasonable considering that there is only one parent hull-
form in the training data. It is also reasonable that the S175 generalizes worse than the
other two parent-hulls because the bulbous bow is significantly different on this hull-form,
whereas there is a more similar topology between the KCS and the DTC hull forms.

The next step to the extrapolation test is to train the DDS on data belonging to two
parent hulls and test it on unseen data belonging to another parent hull (i.e., the LOO
scenario). Table 5.6 shows the Performance of DDS for each parent hull using an input
space composed of the Froude number and the hydrostatic and stability features. The
models are trained on two-class data (i.e., corresponding to two parent hulls), and the
reported metrics refer to predictions of total resistance R, on out-of-class data (i.e., leave
one parent hull out scenario).
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(e) KCS to KCS: (see Figure 5.4b). (f) KCS to S175: MAE=6.61 + 1.92.
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(g) S175 to DTC: MAE=32.74 + 12.61. (h) $175 to KCS: MAE=18.09 + 7.81. (i) S175 to S175: (see Figure 5.4c).

Figure 5.5: Scatter plots comparing predicted and true total resistance R, for all 1-to-1 evaluation cases. Each
row corresponds to a surrogate model trained on a single parent hull (DTC, KCS, S175), and each column shows
predictions made on a different hull (i.e., in an extrapolation scenario). The interpolation scenarios are found in
Figure 5.4. MAE values evaluated with a 95% confidence interval are shown in the sub-captions.

Table 5.6: Performance of DDS for each parent hull using an input space composed of the Froude number and the
hydrostatic and stability features. The models are trained on two-class data (i.e., corresponding to two parent
hulls), and the reported metrics refer to predictions of total resistance R; on out-of-class data (i.e., leave one
parent hull out scenario).

Train Target | MAE [N]  MAPE [%] R2[] PPMCC [-]
KCS+5175  DIC 967 £545  1.00+005 032+080  0.62=055
DTC+S175  KCS 326+£1.15  096+0.10 096+0.10  0.98 +0.01
DTC+KCS  S175 561+£217  078+030  041+016  0.56+0.33
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Figure 5.6: Scatter Plot of real versus predicted total resistance R, for each parent hull in the leave one out
scenario using an input space composed of the Froude number and the hydrostatic features.

Table 5.7: Performance of DDS for each parent hull using an input space composed of the Froude number and the
hydrostatic features. The models are trained on data belonging to two parent hulls and enriched with varying
amounts of data corresponding to another parent hull. The Enrichment Fraction (r) is varied to include different
fractions of the testing parent hull-form data. The metric refers to the MAE of total resistance R, on out-of-class
unseen data (i.e., corresponding to a different parent hull).

. Enrichment Fraction (r) [-]
Train Target 01 03 05 0.7 0.9
KCS+5175  DIC 600+ 151 424+061 3.03£070 258=125 158=129
DTC+S175  KCS 285+£029 1.80+£0.23 1290+027 0.86+020  0.54+0.18
DTC+KCS  S175 531+£157 1924080 1224055 0894040 053+ 0.26

From Table 5.6 it can be observed that

« Leave-one-out (LOO) performance varies widely based on the excluded hull.

« Best generalization when KCS is the target (R? = 0.96).

« Leaving out DTC significantly degrades accuracy (R? = 0.32), even with two hulls

in training.

+ S175 remains a challenging target despite two-source training data.

Figure 5.6 shows the Scatter Plot of real versus predicted total resistance R; for each
parent hull in the leave one out scenario using an input space composed of the Froude
number and the hydrostatic features.

These results indicate that due to the complex and varying topology of the three parent
hull-forms, pure extrapolation based on LOO may have limited potential (due to finite DDS
accuracy). Therefore, we investigate trading off the computational benefits of enriching
the LOO datasets with varying amounts of data belonging to the testing class. Table 5.7
shows the performance of DDSs for each parent hull using an input space composed of the
Froude number and the hydrostatic and stability features. The models are trained on data
belonging to two parent hulls and enriched with varying amounts of data corresponding
to another parent hull. The Enrichment Fraction (r) is varied to include different fractions
of the testing parent hull-form data. The metric refers to the MAE of total resistance R,
on out-of-class unseen data (i.e., corresponding to a different parent hull).

From Table 5.7 it can be observed that

« Incremental enrichment with target hull data (r from 0.1 to 0.9) improves perfor-

mance across the board.

« DTC sees largest gain (MAE: 6.00 — 1.58).
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Figure 5.7: Graphical representation of Table 5.7: Line Plot of the MAE when models are trained on two-class
data (i.e., corresponding to two parent hulls) and enriched with varying amounts of out-of-class data (i.e., corre-
sponding to another parent hull). Captions are for the out-of-class parent hull.

« Diminishing returns observed beyond r = 0.7.
« Shows how minimal sampling from out-of-class hulls can drastically boost DDS
accuracy.
Figure 5.7 shows a graphical representation of Table 5.7.
Figures 5.8, 5.9, and 5.10 show the scatter plot of real versus predicted total resistance
R, for the each parent hull (DTC, KCS, and S175 respectively) in the leave one out scenario
with varying amounts of enrichment with testing parent-hull data.

5.3.2 Optimization

This section tests the DDSs shown in Section 5.3.1 in the optimization problem described
in Section 5.2.3. First, we decided to pick one optimization case (out of DTC, KCS, and
S$175) to demonstrate our proposed approach. We selected the KCS because it’s well bench-
marked in the literature. We performed the optimization with the four different surrogates
(belonging to Table 5.4, Table 5.5, Table 5.6, and Table 5.7, respectively).

Figure 5.11 shows the convergence of the multi-objective optimization problem us-
ing the Genetic algorithm (GA) for the KCS hull using different Data-Driven Surrogates
(i.e., from Tables 5.4, 5.5, 5.6, and 5.7). Each trace corresponds to the mean convergence
trajectory across 10 multi-start runs for a given A. Shaded regions indicate the standard
deviation around the mean according to multi-start. Objective values are normalized to
facilitate comparison across weights.

From Figure 5.11 it can be observed that

« Using the DDS trained on the FFD parametrization converges to a steady solution
for each A.

« Using the DDS trained on the geometry, hydrostatics, and stability features (b), (c),
and (d) leads to faster convergence and lower variance compared to (a), suggesting
more stable optimization behavior.

« The DDS trained in the LOO scenario (c) converges quicker than the other DDSs.
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Figure 5.8: Scatter Plot of real versus predicted total resistance R, for the DTC parent hull in the leave one out
scenario with varying amounts of enrichment with in-class data.
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Figure 5.9: Scatter Plot of real versus predicted total resistance R, for the KCS parent hull in the leave one out
scenario with varying amounts of enrichment with in-class data.
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Figure 5.10: Scatter Plot of real versus predicted total resistance R, for the S175 parent hull in the leave one out
scenario with varying amounts of enrichment with in-class data.

Figure 5.12 shows the cost of a multi-objective optimization problem using the Ge-
netic algorithm (GA) for the KCS hull using different Data-Driven Surrogates (i.e., from
Tables 5.4, 5.5, 5.6, and 5.7). A boxplot is plotted for the cost found across 10 multi-starts
for a given convex weight A.

Figure 5.13 shows the Pareto Front of a multi-objective optimization problem using the
Genetic algorithm (GA) for the KCS hull using different Data-Driven Surrogates (i.e., from
Tables 5.4, 5.5, 5.6, and 5.7). Each round marker represents the best design found across 10
multi-starts for a given convex weight A, with lighter shaded bars indicating confidence
intervals; the corresponding diamond markers are the result informed by CFD.

From Figure 5.13 it can be observed that

« For the DDS trained on the FFD parametrization (Figure 5.13a):
— The Pareto front shows that for all values of A the optimizer was able to obtain
a solution.
- CFD validation shows a small but consistent underestimation of true resis-
tance, suggesting minor model bias.
- Confidence intervals are narrow, reflecting good optimization stability across
multi-starts.
« For the DDS trained on the geometry, hydrostatics, and stability features (Figure 5.13b):
— The Pareto front is mostly comparable to the Pareto found with the DDS trained
on the FFD-parameters (Figure 5.13a), indicating that in both cases the opti-
mizer found similar geometries.
- CFD-validation markers are slightly further from the round ones, showing
worse DDS prediction capabilities.
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(a) DDS using an input space composed the of
Froude number and FFD parameters x (Table 5.4).
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(c) DDS using an input space composed the of
Froude number and the hydrostatic features F with
KCS as the Leave One Parent Hull Out (Table 5.6).
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(b) DDS using an input space composed the of
Froude number and the hydrostatic features 7 (Ta-
ble 5.5).

50

— A =020 —\ =0.60 A =1.00

40

30

—— )\ =0.00 — A = 0.40 A:O,SO‘

20

Objective Value

10

1 5 10 15 20
Iteration

(d) DDS using an input space composed the of
Froude number and the hydrostatic features 7 with
KCS as the Leave One Parent Hull Out enriched
with a fraction (r = 0.7) of the KCS data (Table 5.7).

Figure 5.11: Convergence of the multi-objective optimization problem using the Genetic algorithm (GA) for the
KCS hull using different Data-Driven Surrogates (i.e., from Tables 5.4, 5.5, 5.6, and 5.7). Each trace corresponds to
the mean convergence trajectory across 10 multi-start runs for a given A. Shaded regions indicate the standard
deviation around the mean according to multi-start. Objective values are normalized to facilitate comparison

across weights.
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(c) DDS using an input space composed the of
Froude number and the hydrostatic features F with
KCS as the Leave One Parent Hull Out (Table 5.6).
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(b) DDS using an input space composed of the
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(d) DDS using an input space composed of the
Froude number and the hydrostatic features 7 with
KCS as the Leave One Parent Hull Out enriched
with a fraction (r = 0.7) of the KCS data (Table 5.7).

Figure 5.12: Cost of multi-objective optimization problem using the Genetic algorithm (GA) for the KCS hull
using different Data-Driven Surrogates (i.e., from Tables 5.4, 5.5, 5.6, and 5.7). A boxplot is plotted for the cost

found across 10 multi-starts for a given convex weight A.
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(a) DDS using an input space composed the of Froude num-
ber and FFD parameters x (Table 5.4).
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(c) DDS using an input space composed the of Froude num-
ber and the hydrostatic features  with KCS as the Leave
One Parent Hull Out (Table 5.6).

15 T T T T
®eA=0.00 @X=0.40 0 A =0.80
@\=1020 @A=0.60 0A=1.00
—~ 10+ ° 1
E ¢
35-4
h-‘»
® % R
& 5L 3 ,
%0
0 - - - - %0
25 30 35 40 45 50
Rt (X,Fl”High)

(b) DDS using an input space composed the of Froude
number and the hydrostatic features F (Table 5.5).
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(d) DDS using an input space composed of the Froude
number and the hydrostatic features 7 with KCS as the
Leave One Parent Hull Out enriched with a fraction (r =
0.7) of the KCS data (Table 5.7).

Figure 5.13: Pareto Front of multi-objective optimization problem using the Genetic algorithm (GA) for the KCS
hull using different Data-Driven Surrogates (i.e., from Tables 5.4, 5.5, 5.6, and 5.7). Each round marker represents
the best design found across 10 multi-starts for a given convex weight A, with lighter shaded bars indicating
confidence intervals, the corresponding diamond markers are the result informed by CFD.
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« For the DDS trained on the geometry, hydrostatics, and stability features in LOO
scenario (Figure 5.13c):
— Pareto front degrades in quality and smoothness due to generalization limita-
tions in out-of-class prediction.
- CFD-informed markers deviate more strongly, confirming weak extrapolation
behavior of this DDS.
« For the DDS trained on the geometry, hydrostatics, and stability features in the LOO
scenario, then enriched with data from the LOO parent hull-form (Figure 5.13d):
- Pareto front recovers and even surpasses the DDS trained only on hydrostatic
and stability features.
- CFD predictions align well with DDS predictions, confirming the benefit of
incorporating out-of-class data on DDS prediction accuracy.
Overall, Figure 5.13 underscores the importance of training data composition and fea-
ture choice on the quality of optimization outcomes. Enrichment with target-hull data
significantly enhances both DDS accuracy and the resulting design diversity.

5.4 Chapter Summary

This chapter introduced a new approach to develop Data-Driven Surrogates (DDSs) for
hull resistance prediction within the DDS-based hull-form optimization (DSO) workflow.
We modified the conventional DSO pipeline, which relies solely on geometry-specific
parametrizations such as Free-Form Deformation (FFD), by proposing a decoupled input
space composed of hydrostatic and stability features. This change enables the DDS to be
agnostic to the parametrization scheme and facilitates extrapolation to unseen hull-form
families.

To validate our approach, we generated a dataset for three canonical parent hull-forms
(DTC, KCS, and S175), each perturbed via FFD and evaluated with CFD across a range
of Froude numbers. We benchmarked DDSs trained on conventional FFD parameters
against those trained on the proposed hydrostatic input space under interpolation con-
ditions. We then tested the DDS performance under extrapolation scenarios, including
leave-one-out and hybrid enrichment cases, and assessed their impact within a full DSO
workflow. Uniquely, we proposed and demonstrated a method to reduce the computa-
tional burden of DDS construction by enriching historical CFD datasets with a minimal
number of new simulations targeted at the problem of interest. This hybrid strategy out-
performed conventional DDS training approaches in both accuracy and efficiency.

Our results show that DDSs trained on hydrostatic features retain strong predictive
accuracy within the interpolation regime and, critically, offer consistent and reliable per-
formance under extrapolation. This makes the method particularly attractive for industrial
contexts, where CFD data from prior design campaigns can be reused. We demonstrated
that this enrichment strategy can reduce the need for new CFD simulations by up to 30%,
without sacrificing predictive performance.

The proposed decoupling of geometry and performance spaces broadens the applica-
bility of DDS techniques, enabling more flexible, data-efficient, and reusable optimization
pipelines. Future work should explore how this input space can support other stages of
the DSO process.
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Conclusion

his dissertation has investigated how data-driven surrogate models can enhance mid-
T stage hull-form optimization by reducing reliance on computationally expensive CFD
simulations while preserving the physical credibility and engineering relevance of the
resulting designs. The central aim was not only to accelerate the optimization process but
to do so in a way that respects the fundamental principles of naval architecture, enables
data reuse across projects, and extends predictive capability into previously unexplored
regions of the design space.

Chapter 2 reviewed the state of the art in hull-form optimization, structured around
four core steps: geometric parameterization, data generation, surrogate modelling, and
physical plausibility evaluation. This synthesis identified six key research gaps (Table 1.1):
the absence of integrated physical constraints in surrogate-based workflows (G1), high
computational cost limiting exploration of the design space (G2), the tight coupling of sur-
rogates to specific parameterizations (G3), the lack of systematic data reuse across projects
(G4), the general avoidance of extrapolation in most studies (G5), and the absence of strate-
gies for transferring models between hull families (G6).

Chapter 3 addressed G1 and G2 by embedding IMO intact stability and hydrostatic
constraints directly into the optimization loop. This ensured that all candidate designs
satisfied key physical and regulatory requirements without the need for post-processing,
while dimensionality reduction and constraint-driven pruning reduced CFD effort by up
to 30% without degrading prediction accuracy. Chapter 4 addressed G3 and G4 through
the development of a parameterization-agnostic, decoupled framework that cleanly sep-
arates geometry encoding from surrogate modelling. This allowed simulation data to be
reused across different parameterizations and hull families, improving scalability and sig-
nificantly reducing the need for new CFD campaigns. Chapter 5 addressed G5 and G6 by
treating extrapolation as a design capability and demonstrating cross-hull transfer learn-
ing for resistance prediction. Surrogates trained on generalizable feature spaces were able
to capture hydrodynamic trends for unseen hull forms and operational regimes, maintain-
ing physical plausibility even in challenging extrapolation scenarios.

Together, these contributions establish a modular, physically informed, and computa-
tionally efficient methodology for hull-form optimization. By systematically addressing
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G1-G6, the work moves beyond narrowly specialized, parameterization-locked pipelines
toward reusable frameworks that integrate domain constraints, reduce simulation costs,
leverage hybrid data reuse, and extend predictive reach beyond the immediate training
domain. These capabilities directly support the maritime sector’s decarbonization and
efficiency targets by enabling rapid, reliable evaluation of novel hull designs under di-
verse operational constraints. The methods developed here provide a foundation for scal-
able and sustainable Al-assisted ship design workflows that balance performance, cost-
effectiveness, and innovation, while opening the door to broader exploration of uncon-
ventional hull configurations in pursuit of next-generation maritime transport solutions.

It is worth addressing the fact that this work has also opened several avenues for fur-
ther research and development.

First, the decoupled surrogate modeling framework could be extended to integrate
with alternative models to modify hull geometries. For instance, generative adversarial
networks (GANs) are one increasingly popular approach for producing novel geometries
in other engineering domains, with growing traction in the martime domain, but often suf-
fer from producing designs that are not physically realistic. Combining predictive models
(as developed in this work) with GANSs is a potentially vibrant area of future research in
the maritime domain to generate and assess diverse and physically plausible hull forms.
Similarly, a reinforcement learning framework could be used to adapt existing param-
eterization schemes (e.g., Free-Form Deformation lattices or parametric models) during
online hull form optimization. Uniquely, the predictive models developed in this work are
parametrization-agnostic, thereby enabling optimization algorithms to evolve both the
geometry and the design space itself in response to performance feedback.

Second, a significant step forward would be to eliminate the intermediate feature-
engineering stage by training predictive models directly on geometric representations (e.g.,
surface meshes or volumetric grids). The principal bottlenecks for this approach are the
need for substantially larger datasets and the increased complexity of deep models, both
in terms of training stability and computational cost.

Lastly, a natural progression of this work is to increase the complexity of the optimiza-
tion problem to cover additional performance criteria, such as seakeeping, manoeuvrabil-
ity, structural performance, or life-cycle cost. This would require integrating multiple pre-
dictive models, each possibly trained on different datasets, within a unified optimization
framework. Such integration would further reduce the exploration of infeasible designs
and improve the readiness of optimized hulls for practical application.
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Glossary

CFD Computational Fluid Dynamics: a branch of fluid mechanics that uses numerical
analysis and algorithms to solve and analyze problems involving fluid flows.

DDS Data-Driven Surrogate: a data-based model that approximates a computationally
expensive input-output relationship, often used to replace simulations in optimiza-
tion.

DOE Design of Experiments: a statistical approach used to plan, conduct, and analyze
experiments efficiently, especially for exploring large design spaces.

EFD Experimental Fluid Dynamics: physical experiments used to study fluid flow behav-
ior, often used to validate CFD results.

FFD Free-Form Deformation: a shape parametrization method where an object is embed-
ded in a flexible lattice that can be manipulated to deform the object smoothly.

GHG Greenhouse Gas: gases such as CO, and NO, that trap heat in the atmosphere and
contribute to global warming and climate change.

IMO International Maritime Organization: a specialized agency of the United Nations
responsible for regulating shipping and maritime safety.

KPI Key Performance Indicator: a quantifiable measure used to evaluate the performance
or effectiveness of a design, system, or process.

LOO Leave-One-Out: a cross-validation technique where each sample is used once as a
test set while the remaining samples form the training set.

PCA Principal Component Analysis: a dimensionality reduction technique that trans-
forms a dataset into a set of linearly uncorrelated variables called principal compo-
nents.

RANS Reynolds-Averaged Navier—Stokes: a set of equations used in CFD that model the
average flow behavior by decomposing turbulent flow into mean and fluctuating
components.
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