Journal of
Marine Science
and Engineering

Article

Towards a Comprehensive Hydrodynamic Model for the
Feasibility Study of Motor Yachts

Francesco Mauro *(, Ermina Begovic

2 4

, Enrico Della Valentina 3, Antonino dell’Acqua 3 Barbara Rinauro %,

Gennaro Rosano 200 and Roberto Tonelli 3

check for
updates

Academic Editor: Md Jahir Rizvi

Received: 14 June 2025
Revised: 4 July 2025
Accepted: 8 July 2025
Published: 9 July 2025

Citation: Mauro, E; Begovic, E.; Della
Valentina, E.; dell’Acqua, A.; Rinauro,
B.; Rosano, G.; Tonelli, R. Towards a
Comprehensive Hydrodynamic
Model for the Feasibility Study of
Motor Yachts. J. Mar. Sci. Eng. 2025,13,
1319. https://doi.org/10.3390/
jmse13071319

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Engineering and Architecture, University of Trieste, 34149 Trieste, Italy

Department of Industrial Engineering, University Federico II of Naples, 80125 Naples, Italy;
begovic@unina.it (E.B.)

3 Maritime Research Institute of the Netherlands, Haagsteeg 2, 6708 PM Wageningen, The Netherlands;
e.valentina@marin.nl (E.D.V.); a.d.acqua@marin.nl (A.d.); r.tonelli@marin.nl (R.T.)

Faculty of Engineering, Universitd di Cassino e del Lazio Meridionale, 03043 Cassino, Italy;
b.rinauro@unicas.it

*  Correspondence: fmauro@units.it

Abstract

The design process for motor yachts primarily relies on the experience of designers, who
draw upon their knowledge gained from working on similar hull forms. However, when
a new concept is to be developed, the experience garnered from standard platforms may
not suffice for achieving a successful design within a short timeframe. Designing a motor
yacht involves considering multiple aspects of ship hydrodynamics, including resistance,
propulsion, seakeeping, and maneuverability. While these factors have been extensively
discussed for different types of ships, a comprehensive joint investigation of hulls, such as
those of motor yachts, is noticeably absent in the available literature. This paper aims to fill
that gap by providing guidelines for the design of motor yachts with lengths ranging from
20 to 40 m. As part of a preliminary study, a series of 15 yacht hulls were developed, starting
from a reference hull form. The resistance, seakeeping and maneuverability performance of
these hulls were assessed under specified environmental conditions and speeds, following
the ISO 22834:2022 guidelines for comfort assessment. The calculations produced response
surfaces detailing the hydrodynamic properties for this series of yachts as functions of the
main dimensions of the hulls. Ultimately, these responses assist in identifying optimal design
solutions for the main dimensions of a new motor yacht within the 20 to 40 m length range.

Keywords: motor yachts; ship design; multi-attribute design; concept design; preliminary
design; hydrodynamic performance

1. Introduction

Designing a motor yacht involves several key considerations, including the yacht’s
size, intended use, materials, propulsion system, interior layout, and aesthetic features.
It is essential to identify the primary purpose of the vessel at the beginning of the
project—whether for cruising, entertaining, fishing, or a combination of these—to evaluate
the operational profile of the yacht. This evaluation includes estimating the required crew
and guest numbers and providing a preliminary definition of the internal spaces (such as
the number of cabins and living areas).

The critical aspect of the design process is determining the vessel’s size and style.
This sizing focuses on selecting the main dimensions of the yacht, including length, breadth,
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draught, and an initial estimate of displacement. The style relates to the yacht’s design
theme, such as whether it features a conventional bow, a vertical bow, a sports yacht design,
or an explorer model [1]. Following this, decisions must be made regarding the propulsion
system (whether conventional, podded, or hybrid electric solutions) and the final hull
design before settling on the definitive interior layout and aesthetic features of both the
exterior and interior [2,3]. Actually, there is a lack of studies concerning the feasibility study
of a yacht, as the principal research is centered on more advanced stages of the process,
focusing in specific aspects of the design such as structural issues [4], power systems [5,6],
alternative fuels [7], or acoustic emissions [8].

In concept design, determining the sizing of the vessel is the most crucial element.
This involves selecting the best combination of hull dimensions to achieve a specific dis-
placement and meet performance criteria concerning relevant attributes of the vessel [9,10].
The design process typically relies on the designers’ confidence in their knowledge gained
from designing units with similar hull form characteristics. While this approach is valu-
able for building sister units, it is less advisable for developing an entirely new concept.
Therefore, general guidelines are necessary to create a new successful design efficiently.
The standard [11-13] and holistic or Multi-Attribute Decision Method design strategies
and methodologies [14-17] are all centered in the development of surrogate models, and
therefore the proposed study is fully in line with these requirements.

Designing a motor yacht requires addressing various aspects of ship hydrodynamics:
resistance, propulsion, seakeeping, and maneuverability. While these factors have been
extensively discussed individually in the context of different kinds of ships [18], a compre-
hensive joint investigation into smaller hulls like motor yachts is lacking in the existing
literature. Available guidelines primarily focus on vertical motions in waves [19-21] or
specific studies on hybrid-electric propulsion [22-25] and dynamic positioning of such
vessels [26]. There is currently no comprehensive analysis of how different hull forms
affect the overall hydrodynamic performance of motor yachts, given that the relationships
between hull form parameters and hydrodynamic performance can lead to conflicting
solutions, particularly concerning propulsion or seakeeping characteristics.

To bridge the gap between designers’ needs and the current literature, this work
presents a preliminary investigation into how main dimensions affect the hydrodynamic
performance of a motor yacht. This study encompasses estimating several unique hydro-
dynamic attributes related to resistance, seakeeping, and maneuvering characteristics. To
achieve this, a design space was created, starting from a reference hull and parametrically
modifying the main dimensions while keeping the hull form coefficients constant. This ap-
proach resulted in a design space created using design of experiments techniques and
applying a central composite design. From this process, 15 hulls were derived from the
initial hull form by systematically varying the length, breadth, and draught. For all hulls,
calculations concerning resistance, seakeeping, and maneuvering were conducted for speed
and heading conditions based on ISO 22834:2022 [27] guidelines. Specifically, resistance
parameters were calculated using viscous flow CFD calculations, seakeeping performances
were assessed using a linear 2D strip theory code, and maneuvering performance was
evaluated with rigid-body time-domain simulations. The results generated a database of
hydrodynamic attributes that can be analyzed using multiple linear regression techniques.
Subsequently, regressions of these attributes were performed as exclusive functions of the
vessel’s main dimensions.

The paper consists of several sections. The first section defines the design space, the
second details the hydrodynamic calculations performed on the 15 hulls contained within
the design space, the third presents the multiple linear regression analysis, and the fourth
illustrates how the obtained regression can be applied to identify the relationship between
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hull forms and the hydrodynamic performance of motor yachts. The results discussed in
this paper are promising for future developments in yacht design.

2. The Initial Design Space

This study examines the hydrodynamic performance of motor yachts to determine
optimal dimensions during the concept design phase of a new vessel. To achieve this, it
is essential to develop mathematical tools, such as response surfaces, that capture how
relevant hydrodynamic quantities vary with the main dimensions of the yachts. To facilitate
this, a reference vessel is selected, and a set of geometrical transformations is applied to the
primary parameters using design of experiments. This approach helps to create a design
space suitable for regression analysis. The following sections will describe the reference hull
form and the parametric variations that define the 15 hull forms included in the database.

2.1. The Parent Hull

The reference hull form has been specifically designed for this study. The main
dimensions of the parent hull have been established based on a preliminary analysis of the
yacht database at MARIN. Table 1 lists the primary specifications of the hull, while Figure 1
provides the transversal sections of the vessel.

Table 1. Parent hull main particulars.

Quantity Symbol Value Unit
Length between perpendiculars Lpp 30.00 m
Length on waterline Lwr 29.99 m
Breadth B 7.50 m
Draught T 1.625 m
Volume of displacement \Y 205.768 m?
Block coefficient Cp 0.563 -
Midship coefficient Cyx 0.846 -
Prismatic coefficient Cp 0.665 -
Waterline coefficient Cw 0.817 -
Vertical prismatic coefficient Cyp 0.689 -

il

///K

g

olml

Figure 1. Transversal sections of the parent hull.

The initial hull serves as an example of a yacht designed to study parametric variations
in the main dimensions, with lengths ranging from 20 to 40 m. The following section
provides more details about the specific ranges and transformations applied to the reference
hull form.

2.2. Hull Form Variations

Starting with the original parent hull form, we developed a set of 15 different hull
designs by systematically altering the main dimensions. To simplify the process, we
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maintained the hull form coefficients at the same values as the parent hull, as shown in
Table 1. Then, using design of experiments (DoE) techniques [28,29], we chose a central
composite design (CCD) to represent the 15 design variations [30,31]. A central composite
design is a type of experimental design used in response surface methodology to build a
second-order model for a response variable. It is a versatile design that combines factorial
or fractional factorial points with center points and axial points (also called star points) to
estimate the coefficients of a second-degree polynomial. This allows for efficient exploration
of the design space and optimization of the response. The main dimensions of the resulting
hull forms are detailed in Table 2, illustrated in Figure 2 with the body sections and in
Figure 3 in three-dimensional form. The variations made to the original hull forms resulted
in a range of main dimensions, which are as follows:

20.0 < Lpp < 40.0 (1)
6.0 < B <90 )
125 < T < 2.00 3)

Table 2. Hull form variations forming the database.

Hull Lpp (m) B (m) T (m) V (m3)
Hull 1 20.0 6.0 1.250 84.418
Hull 2 20.0 6.0 2.000 135.068
Hull 3 20.0 9.0 1.250 126.626
Hull 4 20.0 9.0 2.000 202.602
Hull 5 40.0 6.0 1.250 168.835
Hull 6 40.0 6.0 2.000 270.137
Hull 7 40.0 9.0 1.250 253.253
Hull 8 40.0 9.0 2.000 405.205
Hull 9 20.0 7.5 1.625 137.179
Hull 10 40.0 7.5 1.625 274.357
Hull 11 30.0 6.0 1.625 164.614
Hull 12 30.0 9.0 1.625 246.922
Hull 13 30.0 7.5 1.250 158.283
Hull 14 30.0 7.5 2.000 253.253
Hull 15 (parent) 30.0 7.5 1.625 205.768

This approximation may impact the final results, as the coefficients can influence
hydrodynamic performance. From a maneuvering perspective, the decision to keep the
coefficients constant aligns with typical preliminary studies, such as Clarke’s diagram [32],
which illustrates the dynamic stability boundaries based on block coefficients in relation to
the length-to-breadth (L/B) and breadth-to-draught (B/T) ratios. However, this serves as a
starting point for developing a methodology for the feasibility study of new designs. Over
time, this methodology can be refined by incorporating additional hull form variations and
adjustments to the hull form coefficients. In the meantime, the developed model will be
really effective only for hulls having the same characteristics of the reference hull. However,
this is not a really important issue for the feasibility study of a new hull, as the uncertainties
at this design stage are extremely high and small differences in the hull form coefficients
most likely lay inside this uncertainty range.

The choice of a CCD affects the types of analyses that can be performed on the
resulting hull series. Specifically, any attribute relevant to a single hull can be described
using a maximum of a full quadratic model. Therefore, when planning to derive multiple
linear regressions from the resulting datasets, it is important to take this limitation into
consideration as a constraint for the research.
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Figure 2. Transversal sections of the 15 hulls.
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Figure 3. Three-dimensional representation of the 15 hulls.
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3. Hydrodynamics Database Creation

The key aspect of developing design tools for the preliminary design of a new vessel
is ensuring the reliability of the initial dataset used to create these tools. Modern method-
ologies for numerical estimation of hydrodynamic performance allow for a high level of
reliability, thereby enhancing the accuracy of initial predictions. However, it is uncommon
in the existing literature to find methods for preliminary design that rely on first-principle
calculations.

This study will primarily focus on the hydrodynamics of motor yachts, specifically
their behavior while sailing in calm water, in waves, and during maneuvers. Various
tools have been employed to assess the hydrodynamic performance required to describe
the vessel’s behavior effectively. For calm water conditions—analyzing resistance and
dynamic trim—viscous flow Computational Fluid Dynamics (CFD) calculations have
been conducted. The vessel’s behavior in waves has been evaluated using strip-theory
calculations, emphasizing the yacht’s comfort characteristics. Regarding maneuverability,
time-domain simulations have been executed to assess yaw and the vessel’s turning ability.

In the following sections, a more detailed description of the calculations performed
will be provided, along with the key parameters selected as primary attributes for the
hydrodynamic characterization of a yacht.

3.1. Hull Resistance

Resistance calculations were conducted using MARIN's in-house CFD software, Re-
FRESCO [33]. ReFRESCO is an open-access, community-based CFD code tailored for
the maritime sector. It addresses multiphase, unsteady, incompressible viscous flows by
employing the Navier-Stokes equations, which are further enhanced with turbulence
models and volume-fraction transport equations for various phases. The equations are dis-
cretized using a finite-volume approach with cell-centered collocated variables. A pressure-
correction equation based on the SIMPLE algorithm is implemented to ensure mass conser-
vation. Time integration is carried out implicitly using second-order backward schemes.
Currently, ReFRESCO is under development and verification, with several applications
being validated at MARIN in collaboration with various globally recognized non-profit
organizations.

The computational grids utilized in this study were created with the software Hex-
press. Surface refinements were applied to the ship hull to enhance spatial resolution and
accurately capture the near-wall flow. This refinement was supplemented by three groups
of boxes designed to further improve space resolution in both the near and far-field flow
regions. The computations were conducted at full scale, and the size of the computational
domain was sufficiently large to guarantee that the boundary conditions had a negligible
impact on the flow solution. Such settings are the standard employed at MARIN to perform
resistance and propulsion calculations as a result of validation and sensitivity studies
performed in the past [34-36]. More precisely, the domain dimensions are parameterized as
a function of the vessel length, resulting in a length of 6L, a breadth of 2L and a depth of 4L.
The domain is symmetric, therefore only half of the hull/domain is modeled. An overview
of the total grid size employed for each hull is given in Table 3. As an example, Figure 4
reports an overview of the calculation mesh for the case of Hull 15. Figure 5 provides a
top view of the mesh, while Figures 6 and 7 show some mesh details in the bow and stern
areas.

For this specific case study, CFD simulations were performed in calm water at a speed
of 12 knots. This speed has been selected as it is the most relevant speed for actual yacht
operations. The results are presented in terms of total resistance (as described by Larson
and Raven [37]) and dynamic trim. The resistance results include a correlation allowance
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(CA), which accounts for drag due to hull roughness as well as still-air drag from the hull
and superstructures. In terms of dynamic trim, positive values indicate a bow-down trim,
whereas negative values signify a stern-down trim.

Table 3. Grid size for each hull form.

Hull Grid Size
Hull 1 6,785,295
Hull 2 8,297,596
Hull 3 8,429,088
Hull 4 10,739,844
Hull 5 6,778,955
Hull 6 7,627,746
Hull 7 5,986,541
Hull 8 7,202,397
Hull 9 4,411,076
Hull 10 4,017,514
Hull 11 4,699,109
Hull 12 6,599,215
Hull 13 7,088,406
Hull 14 8,466,164
Hull 15 (parent) 7,757,387

Figure 4. Global overview of the calculation mesh for Hull 15.
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Figure 5. Top overview of the calculation mesh for Hull 15.

Figure 7. Stern detail of the calculation mesh for Hull 15.

3.2. Seakeeping Performances

To evaluate the seakeeping characteristics of the developed series of yachts, the new
regulation ISO 22834:2022 has been applied to estimate the overall comfort level. This reg-
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ulation considers the Effective Gravity Angle (EGA) and the Motion Sickness Incidence
(MSI) as key performance indicators for global comfort, which are then translated into a
star rating system ranging from one star (poor) to five stars (excellent).

The assessment involves evaluating the EGA and MSI at a reference heading of
135 degrees and for speeds of 0 and 12 knots. This is performed across five locations on
the yacht: the beach club (BC), the crew area (CA), the dining area (DA), the owner’s cabin
(OC), and the wheelhouse (WH).

The coordinates for these locations onboard the 15 vessels have been derived based
on the reference used by the authors in previous publications [20,26]. Table 4 presents
the coordinates used for the calculations in non-dimensional form, based on the length
between perpendiculars (Lpp), the breadth (B), and the draught (T).

Table 4. Non-dimensional locations of the calculation points for comfort analysis.

Di ; Locations 1

rmension BC CA DA oC WH
x/Lpp 0.06 0.90 0.43 0.83 0.73
y/B 0.00 0.00 0.00 0.00 —0.23
z/T 1.81 1.09 2.54 3.26 3.99

! Abbreviations are as explained in the text.

For all the hulls, the longitudinal position of the center of gravity has been set to
ensure a zero-trim condition at rest. The vertical position of the center of gravity has been
calculated by assuming the transverse metacentric height is equal to 10% of the breadth at
the waterline. This approach guarantees a consistent application of seakeeping calculations.

To evaluate the Effective Gravity Angle and Motion Sickness Incidence for each
location and speed, it is necessary to determine the Response Amplitude Operators (RAOs)
or the transfer functions (TRFs) for ship motions at five locations, with a heading of
135 degrees and speeds of 0 and 12 knots. ShipX software, based on the strip theory
developed by Salvesen et al. [38], has been utilized for this purpose. The code has been
validated through several studies [39-41]; therefore, the confidence on the obtained results
is quite high, even though a validation of the results is here not possible due to the lack of
experimental data on these hulls. As an example, the transfer functions for heave g, roll ¢
and pitch 8 for Hull 15 are shown in Figure 8. The conditions refer to 0 and 12 knots for an
encounter angle of 135 degrees, meaning the conditions that should be assessed following
ISO guidelines.

The comfort level of each vessel has been assessed using a scale from 0 to 100, reflecting
the percentage system expressed in the ISO guidelines. The final comfort level is calculated
using a weighted sum as follows:

2 N; Np,

ISOror =) Y ) Wy wiwr, Lijk 4)
i=1j=1k=1

In this context, wy,, w;, and wr, represent the weights assigned to speed, locations, and
wave periods, respectively. The functional I reflects the satisfaction of the criteria set by ISO
22834:2022. It is equal to 1 when both the Effective Gravity Angle and the Motion Sickness
Incidence are below the specified thresholds—2 degrees for EGA and 10% for MSI over one
hour of exposure. I is equal to 0 if either criterion is not met.

To obtain a more detailed understanding of the EGA and MSI trends across different
locations, assessments can also be conducted at a local level, considering each location
individually and for each sea state. This approach simplifies Equation (4) to a summation
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of weights for the relevant wave periods. Alternatively, comfort can be evaluated globally
for each speed by summing the weights for various locations and wave periods.
In this study, a global evaluation of comfort using Equation (4) has been utilized for

the calculations.
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Figure 8. Baricentric heave, roll, and pitch transfer functions for Hull 15.

3.3. Maneuvering Performance

To predict the dynamic variation in a ship’s motion, specific maneuvering simulations
have been conducted using the software ANYSIM XMEF. This software calculates a ship’s
motion in response to non-linear hydrodynamic and mechanical loading. For modeling
hydrodynamics, ship-specific results are derived from model tests, semi-empirical methods
(such as slender body and cross-flow drag theory), and linear frequency domain tools.
Additionally, components such as rudders, propellers, and thrusters are modeled in the
time domain. The equations of motion are integrated using a fourth-order Runge-Kutta
method, with a fixed time step of 0.1 s, which is adequate for achieving a converged
solution in the case of a low frequency phenomenon such as maneuvering. The software
accommodates the use of both propellers and rudders or pods for the vessel’s maneuvering.

The simulations require defining a linearized stiffness matrix, which is composed of
terms derived from the hydrostatics of each of the 15 hull forms. Furthermore, a resistance
curve or, in general, a resistance value for the target speed of interest must be defined.
In this study, the target speed for the simulation is set at 12 knots, and the resistance
value used comes directly from the ReFRESCO simulations described in earlier sections.
Hydrodynamic forces, including damping and added mass, are then calculated according to
the sectional approach employed in the slender body and cross-flow drag theories [42,43].

The propeller model is based on the B-series, using the same wake fraction (w = 0.05)
and thrust deduction (t = 0.15) for all hulls. This provides a reasonable approximation for
determining general guidelines during the preliminary design phase.

The simulations performed include speed runs, zig-zag maneuvers (including both
10-10 and 20-20 steering—yaw checking angles), and turning circles. The simulation process
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is carried out in two stages, with a tuning process applied to the yaw moment calculated
using slender body theory. This tuning process applies empirical coefficients derived from
the correlation between simulations, model tests, and sea trials available at MARIN. As an
example, the turning circle simulation for Hull 15 is reported in Figure 9 representing the
trajectory and the time traces of x, y positions and the turning speed r. Figure 10 shows the
results of the 20-20 zig-zag simulation, showing the time traces of the ship and pod yaw

angle.
800 |~
= i
= 0
200 _800 | | | | |
| 0 300 600 900
2000 —
150 — e -
Z 1000
— Q\. —
E 100 | 0 | I [ | | | ! !
= | 0 300 600 900
5 — 0.08 —
~
0 [ [ 0.00 | | | | | 1
900 950 1000 1050 1100 0 300 600 900

X (m) t(s)

Figure 9. Turning circle simulation for Hull 15.
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Figure 10. Zig-zag 20-20 simulation for Hull 15.

From the maneuvering simulations, several parameters can serve as key attributes for
ship design purposes. Significant emphasis should be placed on the initial turning ability
and the yaw-checking ability. The initial turning ability, also known as course-changing
ability, describes how responsive the ship is to initiate a turn with a moderate helm.
The yaw-checking ability measures the ship’s response to counter-steering, characterized
by the delay in response when reversing the helm angle of a turning ship. The most relevant
maneuvering characteristics related to these abilities include the overshoot angles and the
initial turning distance. The overshoot angle refers to the heading deviation occurring
from the moment the steering device is reversed until the heading rate of turn reaches
zero. The initial turning distance is defined as the distance traveled in the direction of the
original course from the moment the first steering order (e.g., 20°) is given until the ship’s
heading has changed by 20° from its original course.

The results of the maneuvering study are a result of simulations performed on a vali-
dated code [44—46]; therefore, the confidence on the obtained results is high. Furthermore,
the simulations performed according to the MARIN standards are fully compliant with
IMO standards for maneuvering.
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3.4. Hydrodynamic Attributes for the Analysis

The simulations conducted to determine the hydrodynamic characteristics of the hulls
yield multiple outputs. However, to establish design guidelines for a motor yacht during
the preliminary design stage, we have decided to focus on a limited number of attributes.
This approach allows us to provide a clearer overview of the global attributes essential
for the preliminary design phase, rather than delving into intricate details when many
final project specifications are still undefined. Nevertheless, the procedure outlined in the
following section can be applied to all potential attributes derived from hydrodynamic
analyses.

The selected attributes for the multiple linear regression analysis are as follows:

®  Resistance at 12 knots (kN);

e Trim at 12 knots (degrees);

e Global ISO7pt index for comfort (non-dimensional);

¢ Initial turning ability (assessed through a 20-20 zig-zag maneuver) (non-dimensional);
*  Yaw-checking ability (assessed through a 20-20 zig-zag maneuver) (non-dimensional).

This set of preliminary attributes provides a comprehensive understanding of the
operational profile of a motor yacht, addressing concerns related to resistance, comfort,
and maneuverability. Consequently, the regression analysis has been performed using
datasets that describe these attributes, employing a process that will be elaborated on in
the following section.

It should be noticed that the attributes selected for the development of surrogate
models are coming from validated software in the three abovementioned fields of hydro-
dynamics. Therefore, even though an effective validation on this dataset is not possible
because of the lack of experimental results, the confidence in the results remains high, pro-
viding data with a reliability level which is much higher that what is normally requested
for a feasibility study.

4. Multiple Linear Regression Analysis

In the field of engineering, the design of experiments (DoE) is commonly used to ana-
lyze the response of a particular variable in relation to others, thereby reducing the number
of observations needed to understand variations. This approach leads to a lower effort re-
quired for experimentation and calculations. Concurrently, response surface methodology
(RSM) quantifies the relationship between controllable input parameters and the response
variables obtained. To achieve this, the following steps should be followed:

1.  Design a set of experiments to ensure accurate and reliable measurement of the
response being analyzed.

2. Develop a mathematical model of the response surface using a best-fitting technique.

3.  Represent the direct and interactive effects of the processed parameters through
multidimensional plots.

The first step has already been addressed by defining the design space for the motor
yachts, specifically by choosing a Central Composite Design for the 15 hulls developed
in this study. Therefore, it is essential to further refine the mathematical models used to
identify the response surface for the selected parameters related to the hydrodynamic
properties of the yachts.

A response surface of a generally measurable variable can be identified using the
following equation:

y=f(x1,x2,-- , %) ()

In this context, let y represent the output of the process, while x; denotes the n
independent variables involved in the problem being addressed. Assuming that these
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independent variables are continuous and aligned with experimental conditions that
involve negligible errors, it is essential to identify an appropriate approximation for the
relationship between the independent variables and the output. By adopting a CCD, we
can utilize a complete second-order model to describe the surface response, following the
general regression model outlined below:

n n-1 n n
y=PBoo+ Y Bioxi+ Y, Y Bixixi+ Y i e (6)
i=1 i=1

i=1 j=i+1

In this equation, B;; represents the unknown parameters, while € denotes the re-
gression error. The literature provides several methods for evaluating these unknown
parameters. However, in the case of relatively simple models, it is often convenient to use
the least squares method. Therefore, Equation (6) can be expressed in the following matrix
form:

Y=bX+e¢ (7)

Let Y represent the matrix of measured values, while X denotes the matrix of indepen-
dent variables. The independent variables matrix includes not just the variables themselves
but also their combinations up to the second order. The matrices b and € correspond to the
regression coefficients and the errors, respectively. By adopting this matrix formulation,
we can determine the coefficients matrix using the least squares method, leading to the

following expression: 1
b= (X'x) XY ®)

where XT is the transpose matrix of X and (XTX) ! is the inverse matrix of XTX.

To perform multiple linear regression analysis on the selected dataset of hydrodynamic
parameters, a stepwise selection process was utilized [47]. In the initial step, all variables
are included in a complete second-order model. Subsequently, at each step, one variable
is removed from the equation, changing its status from included to excluded, and vice
versa. For each variable whose status changes, the change in the sum of squared errors
(SSE) is evaluated to determine whether the variable should be removed or added to the
final model. This process continues automatically until no variable affects the SSE beyond
a specified threshold.

To ensure consistency, all dependent and independent variables are normalized to
a range of [—1, 1] before starting the regression procedure. The threshold for variable
inclusion or exclusion is set at 0.06. This value results from previous studies on MLR
analysis already published by the authors [48-50]. To assess the quality of the regression, a
key performance indicator is selected: the coefficient of determination (R?) and the adjusted
coefficient of determination (R% . ].). These coefficients are defined as follows:

SSE
RZ=1-
SStot ®)
2 1 (1. _p2 n—1
RZ=1-(1 R)infpfl (10)

where 7 is the number of points to fit, p is the number of variables included in the model
(after executing the stepwise procedure) and

SSE =Y (yi —yix)? (11)
i=1
n

SStor = Y_(yi — ym)’ (12)

i=1



J. Mar. Sci. Eng. 2025, 13,1319

15 of 25

In this context, let y; represent the data point to be fitted, 1,1 denotes the mean value of
the data points, and y; signify the fitted values obtained from applying regression analysis.

The following section presents both graphical and tabular representations of the
regression conducted on the hydrodynamic attributes, in accordance with the methodology
described above.

Response Surfaces

The procedure for determining multiple linear regression and the associated surface
responses, as described in the previous section, has been applied to the data processing of
the main attributes defined earlier.

Tables 5 and 6 present the results of the regression analysis, which includes the coeffi-
cients and the quality of the regression assessed through performance indicators detailed in
Equations (9) and (10). The results indicate a high overall quality of the regression, with all
R? values above 0.9. The unbiased estimator of RZ, known as Ri djr is also high, except for
the dynamic trim regression. Notably, none of the final regression models include all the es-
timators typical of a full quadratic model. This is a result of the stepwise iterative procedure

used to develop the regression models, which automatically excludes non-significant terms.
2

adj
that, except for L, the dependency on high-order terms in B and T is necessary. However,

For the specific case of the dynamic trim, the lower value of the R? . estimator may indicate
to accomplish this, a wider database is needed in order to increase the polynomial order.
The fact that R? remains high has to be searched in the number of regressors. Except for the
length L, the regression process tries to consider all the cross-terms between the variables
to increase R?, resulting in a form of overfitting.

Table 5. Regression coefficients for the resistance and comfort hydrodynamic attributes.

RT (kN) Trim (Deg) ISOroT ()
Coeff. p-Value Coeff. p-Value Coeff. p-Value
intercept 5.702 x 103 0.0430 —1.588 x 102 0.0629 5.006 x 102 0.0404
L —1.193 1.904 x 10~* 1.061 x 107! 0.0206 5.241 0.0412
B —1.541 x 103 0.0435 4.122 x 10 0.0697 —5.793 x 10 0.0608
T —7.175 x 103 0.0430 1.943 x 102 0.0672 —6.244 x 10% 0.0384
LB - - —7.850 x 1073 0.0448 —7.461 x 1071 0.0310
LT - - —2.293 x 1072 0.0935 —3.747 0.0226
BT 1.954 x 103 0.0424 —5.101 x 10 0.0723 8.821 x 10 0.0306
L2 - - - - - -
B2 1.030 x 102 0.0428 —2.667 0.0744 - -
T2 2.223 x 10° 0.0417 —5.932 x 10 0.0680 1.998 x 102 0.0322
R? 0.9526 0.9353 0.9669
R? 4 0.9052 0.8189 0.9228

A detailed analysis of the individual regressions reveals that for the resistance, the
dependency on vessel length is purely linear, with no significant higher-order or coupled
terms present. Such a phenomenon can be associated with the quadratic behaviour of the
vessel resistance with the Froude number. Being this relation quadratic because of the speed,
the relation with length is linear. Higher-order dependencies are observed only for the
breadth and draught. These relationships are less evident to relate with the phenomenon
of resistance as the B and T are strongly influencing both the wave component and the
viscous one. In any case this implicates that small variations in these variables may strongly
affect the final resistance. For the dynamic trim, coupled terms become significant when
considering length, but higher-order terms are still absent. When examining hydrodynamic
quantities related to comfort, the regression for ISO comfort incorporates all coupled
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terms but lacks higher-order terms for both length and breadth. In this case the linear
dependence can be associated at the low values of significant wave height Hs considered
by the ISO framework, a matter that validates and justify the employment of linear strip
theory. A similar situation occurs for the initial turning ability. However, for yawing ability,
the coupled term between breadth and draught is absent, as are all higher-order terms.
These considerations have to be searched in the manoeuvring modelling of the software
employed for the calculations. The fact that all the relations are linear, means that probably
also in this case the derivatives employed for the calculations have linear descriptions too.

Table 6. Regression coefficients for the maneuvering hydrodynamic attributes.

Init_20 (-) Yaw 20 (-)
Coeff. p-Value Coeff. p-Value
intercept 2.718 0.0415 5.551 0.0395
L 1.112 x 107! 0.0408 —1.183 x 1071 0.0421
B —1.194 x 1071 0.0512 —2.756 x 1071 0.0497
T —1.327 0.0352 1.341 0.0349
LB —3.208 x 1073 0.0295 7.975 x 1073 0.0298
LT —3.443 x 102 0.0436 —2.157 x 102 0.0416
BT 7.889 x 1072 0.0451 - -
L2 - - - -
B2 - - - -
T? 4459 x 107! 0.0389 - -
R? 0.9687 0.9661
R2,; 0.9269 0.9407

This trend in significant coefficients lacks a direct explanation regarding the resulting
hydrodynamic properties, as the selection of coefficients is solely tied to the automatic
selection procedure mentioned previously. It is possible that using a different dataset
as input could lead to different coefficients and conclusions. Although multiple linear
regression analysis is generally considered a white-box model, understanding the direct
effects of the main dimensions on hydrodynamic properties remains complex.

On the other hand, using instruments like regressions allows for visualizing the
behavior of dependent variables (i.e., the attributes) as a function of independent variables
(i.e., the ship’s main dimensions). This enables the creation of specific diagrams to observe
how the attributes vary for a given set of hull forms. The design space considers hull
form variations that maintain constant coefficients. Consequently, all hulls with the same
volume can be represented as a single surface in a diagram with length (L), breadth (B),
and draught (T) as the primary axes. Within this surface, contour plots can illustrate the
value of a single attribute, highlighting areas where the main dimensions provide favorable
results for the reference attribute.

In this analysis, graphs have been created for the five main hydrodynamic attributes,
using a project constraint that specifies a reference volume of 225 m3. This volume selection
is arbitrary and serves as a means for effectively visualizing variations in hydrodynamic
properties relative to the vessel’s main dimensions. The response surfaces are presented in
Figures 11-15.

Figure 11 displays the response surface for resistance, pinpointing the most favorable
area for hulls with main dimensions of approximately 40 m in length, 6.0 m in breadth,
and draughts ranging between 1.6 and 1.8 m. This combination is expected, as a slender
ship typically experiences lower resistance. The surface clearly highlights the non-linear
behaviour observed with the MLR already discussed. As a result, the contour lines are
not straight but follow a non-linear path which is not purely quadratic. In any case, the
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distinction between the maximum and minimum of the surface is clear, as the values
monotonically increase from the B-T edge to the L-T one.
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Figure 11. Response surface for the resistance at 12 knots for a family of hulls having a volume of

225 m®.
/ SN

an

20

6.0

& fepl 015 0075 0 0075 015 0225 03

9.0 40

Figure 12. Response surface for the dynamic trim at 12 knots for a family of hulls having a volume of
225 m3.
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Figure 13. Response surface for the ISOtor comfort index for a family of hulls having a volume of

225 m3.
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Figure 14. Response surface for the initial turning ability for a family of hulls having a volume of
225 m3.
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Figure 15. Response surface for the yaw ability for a family of hulls having a volume of 225 m3.

Figure 12 illustrates the behavior of dynamic trim. Unlike resistance, the data here
shows multiple minima and maxima. For trim, the optimal value for designers is achieving
a neutral trim; therefore, the preferred combinations correspond to saddle points in the
central part of the surface. Concerning the general behavior of the surface, the contour
highlights a totally different trend compared to the resistance case. Here we have a saddle
of the trim level in the middle of the surface, with two areas of minimum and two of
maximum in opposite corners. This behavior has to be searched in the high number of
cross-terms present in the regression model, which complicate the structure of the solution.

Figure 13 presents the response surface for the ISOror comfort index. In this case, a
maximum is clearly identifiable for combinations of L, B, and T around 30-35 m, 8.5-9.0 m,
and 1.2-1.5 m, respectively. This area differs from that of the resistance minimum, confirm-
ing that hydrodynamic attributes can often be contradictory. The general behavior of the
response surface highlights the small non-linearity of the regression model. The contour
lines are less non-linear than the previous cases. Specifically, the trend of the curves is again
monotone, clearly identifying the minimum and maximum areas.

Figure 14 highlights variations in initial turning ability. Here, a maximum is evident
for long and slender ships, while a minimum is observed for shorter, slender vessels.
The response surface show small non-linearities in the contour lines, reflecting the nature
of the obtained regression. Also, in this case the level lines increase monotonically, clearly
identifying minima and maxima of the dependent variable in the space. This behavior
contrasts with the yaw-checking ability shown in Figure 15. The response surface is
really different from the one of the initial turning ability, resulting in one more similar
to the one observed for the resistance at 12 knots. The contour lines highlight more non-
linearities than for the previous case but still are increasing monotonically from minimum
to maximum. In this case, the minimum value is identified in two corners (L-T and L-B),
while the maximum is only in the L-T corner of the surface. It is noteworthy that the two
maneuvering-related attributes exhibit opposite behavior, with no overlap between the
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optimal regions for resistance or comfort. This antithetical relationship also applies to
turning ability as determined from turning circle tests versus yaw-checking ability from
Zig-zag maneuvers.

From this qualitative analysis, it is clear that designers can make informed decisions
simply by interpreting the graphs and associated surfaces. However, employing more
advanced mathematical techniques can provide additional quantitative support for design-
ers. The resulting surfaces can be utilized to inform a Multi-Attribute Decision Method
(MADM), aiding in the search for the best compromise solution among the given attributes
and providing weightings according to the designer’s preferences. The following section
describes and applies this technique to a reference yacht size.

5. Application for a Feasibility Study

The concept design of a new vessel involves the integration of various knowledge areas
in Naval Architecture and Marine Engineering, including powering determination and the
estimation of structural loads on a ship. Consequently, designers must navigate a multi-
criteria environment to identify an optimal design solution. Given the complexity of this
task, it is crucial to apply a proper methodology during the early stages of design. In this
context, the MADM can serve as a valuable tool for decision-makers facing complex and
multifaceted choices [51,52]. By systematically considering multiple criteria and utilizing
rigorous analytical techniques, the MADM enhances the decision-making process, leading
to more informed and effective choices in the challenging environment of vessel design.

Various methodologies can be employed to select weighting attributes, develop de-
cision matrices, and evaluate the best solutions. The Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS) is one such methodology that can be effectively
applied in the early design of ships. It is recognized for its simplicity and effectiveness in
addressing such problems [53].

TOPSIS is based on the idea that the best alternative is the one closest to the positive
ideal solution and farthest from the negative ideal solution, where the maximum positive
represents the highest quality for all criteria, and the negative signifies the lowest quality.
By calculating the proximity of alternatives to these ideal solutions, TOPSIS assigns a score
to each option, providing a ranking among different solutions. To function effectively, the
TOPSIS procedure must follow several steps:

1.  Attribute Definition: Identify the project attributes that are relevant to the design
process.

2. Weight Assignment: Assign relative weights to each attribute based on the designer’s
preferences.

3. Determination of Decision Matrix: Normalize all the attributes and multiply them by
the assigned weights.

4. Determine the Positive and Negative Ideals: Identify the best and worst cases based
on the assigned weights.

5. Rank the Solutions: Use Euclidean distance to assess how closely each solution aligns
with the ideal and rank the solutions accordingly.

The process is straightforward and allows for easy determination of the rank among
different solutions, with enough flexibility to incorporate the desiderata weights for each
attribute in complex scenarios.

The MADM provides valuable insights into complex decision scenarios, but it also
faces several challenges. These challenges include data uncertainties, susceptibility in crite-
ria weighting, and difficulties in capturing the dynamic nature of decision environments.
Therefore, applying these techniques requires an iterative approach and training before
defining and refining the optimal decision model.



J. Mar. Sci. Eng. 2025, 13,1319

21 of 25

The use of first-principle tools to define the main hydrodynamic attributes aims to
reduce uncertainties associated with the methods used to create the initial database. Despite
the high accuracy of the regression models, the resulting responses are still approximations
of the underlying processes; thus, designers should interpret these results with caution.
However, automating the calculation process and providing a graphical representation of
the output can help streamline decision-making and enhance efficiency.

In this section, the TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) process is applied to the example of motor yachts, using the response surfaces
described earlier as inputs to generate multiple design solutions within a specified design
space. For demonstration purposes, the design target is a motor yacht with a displacement
of 225 m®. According to the TOPSIS methodology, it is necessary to assign weights to the
different attributes to reflect the designers’ preferences. For this initial calculation, the
weights have been evenly distributed among the attributes and later adjusted arbitrarily
to represent different design strategies. Table 6 shows the weights utilized and the results
for the main dimensions obtained by applying the TOPSIS procedure to a dataset of
10,000 randomly generated projects.

Table 7 clearly illustrates how different weightings can identify various main dimen-
sions for the same target displacement of a yacht. It is important to emphasize that these
weights are arbitrary and do not represent any specific design strategies used by yacht
designers. Instead, they serve to reflect possible design strategies that prioritize attributes
related to resistance, comfort, or maneuverability. Of course, the results of the feasibility
study performed with the MADM technique inherits the uncertainties of the developed
surrogate models. First of all, the results are highly feasible if the final hull form has the
same hull form coefficients of the initial hull. However, this is not a main issue as the
variations in coefficients will have a second-order effect on the results compared to the
main dimensions. Secondly, the methods and tools employed are still not fully validated
on the specific geometries employed in this study. However, also in this case, thanks to
the adoption of software already validated on ship geometries makes confident in the
solutions. In conclusion, even though it is not directly possible to estimate uncertainties to
the solution, it can be stated that the results are in the confidence level of a feasibility study.

Table 7. Output of TOPSIS procedures for different weighting factors.

Project Weights L (m) B (m) T (m)
[RT, T, ISOT10oT, Init, Yaw]

P1 [0.20;0.20;0.20;0.20;0.20] " 39.446 7.857 1.303

P2 [0.20;0.10;0.50; 0.10;0.10] 32.107 7.609 1.678

P3 [0.50;0.10;0.20;0.10;0.10] " 30.161 7.645 1.725

P4 [0.10;0.10;0.10;0.35;0.35] 37.053 7.007 1.503

P5 [0.60;0.10;0.10;0.10;0.10] 33.595 6.003 1.968

While the current method focuses solely on the main dimensions of the yacht, the
proposed methodology allows prospective designers to make informed decisions about the
main dimensions of a new project by considering attributes related to resistance, comfort,
and maneuverability. By incorporating additional hull form variations into the initial
dataset, we can enhance the flexibility of the current regression set by including variations
in hull form parameters.

In the areas of maneuverability and seakeeping, only the main dimensions are typically
analyzed, often overlooking significant variations and considering local modifications to
the hull as negligible. However, local adjustments to the hull lines, particularly in the stern,
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can lead to different maneuvering performance. Future studies, as described in this paper,
could provide deeper insights into these aspects.

6. Conclusions

The present study explores the generation of response surfaces for ship design, specifi-
cally focusing on a set of motor-yacht hulls. An initial database comprising 15 hulls was
created by parametrically altering the main dimensions within a specified range while
keeping the hull form coefficients constant. These modifications were carried out using a
central composite design approach. For the resulting set of hull forms, Computational Fluid
Dynamics resistance calculations, strip-theory seakeeping calculations, and time-domain
maneuvering simulations were conducted to assess the hydrodynamic performance of
the yachts. The reliability of the proposed calculation is higher than the required level of
accuracy of a feasibility study, highlighting the goodness of the embrional model developed
in this first study.

Subsequently, multiple linear regression analyses were performed to derive the re-
sponse surfaces for all hydrodynamic characteristics obtained from first-principles calcula-
tions. This process has enabled the resulting responses to be utilized in a Multi-Attribute
Decision Making approach, aimed at identifying the optimal combination of main dimen-
sions for a yacht with a predetermined target displacement, factoring in the weighting of
various attributes.

The response surfaces generated from the first-principles calculations illustrate the
behavior of hydrodynamic attributes in relation to changes in the main dimensions, em-
phasizing the conflicting nature of certain attributes. The developed graphs, which depict
variations in hull form parameters for specific hull displacements, can assist designers in
pinpointing the areas where the best solutions for each attribute can be found. Moreover,
the creation of these response surfaces facilitates the application of instruments for selecting
main parameters through MADM approaches, allowing for the identification of the most
suitable dimensions while considering differing weights among the attributes.

It is important to note that the process established in this study serves as a foundation
for future developments. Simply modifying the main dimensions is insufficient to fully
understand how changes in hull forms affect hydrodynamic performance. The hull form
coefficients significantly impact hydrodynamic performance, and in this study, they were
kept constant as a preliminary assumption. This is a limitation of the study that will be be
integrated with future investigations on increased design space. In any case, the adoption of
simple dimension variations reflects the variable at the disposal of designers in a feasibility
study, thus allowing the usage of this model for preliminary investigations. Additionally,
advancements can be made in the methodologies used to determine hydrodynamic coef-
ficients, particularly by applying CFD for maneuvering assessments and employing 3D
diffraction codes for seakeeping. Furthermore, the presented model intentionally considers
environmental and design conditions typical of ISO comfort recommendations. However,
future developments of the model can also include different and more comprehensive
calculation conditions, either for resistance, propulsion, seakeeping, and maneuvering.
This, together with the database increase, will allow a more robust model, applicable not
only in the feasibility study but also in the concept design phase.

Nonetheless, the methodology developed in this study can be readily applied to larger
datasets that may become available through increased hull form modifications. In any case,
the findings of this study represent the initial step toward a series of investigations aimed at
identifying response surfaces for the hydrodynamic performance of motor yachts. This will
ultimately consider all aspects of ship hydrodynamics, including resistance, propulsion,
seakeeping, and maneuvering, as well as additional attributes not currently included in the
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preliminary design of yachts, such as dynamic positioning. The present work demonstrates
that this path can be pursued using the tools and methods outlined in the paper, offering
promising prospects for future research.
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