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Annomayusn. Jlemnguposanue Kpema seisiemcsi 21de-
HOU NpoOIEeMOl OCMOUMUBOCHIU KPYNHBIX MOPCKUX C)-
008, 0COOEHHO NEPEBOZUUKOB CHCUNCEHHO20 NPUPOOHOZO
2a3a u naagyuux YCmMawoeoK O/l 000blYlU, XPAHEHUs U
omepysKu Hegpmu u 2asa, KOmopwvie OCHaujenvl 60b-
wuMy chepuyeckumu pesepgyapamil, 20e pasopulzeusa-
HUe JHCUOKOCMU MOJIcem yCuiums Kauxky. B oOannoii
cmamve O/l YIYYUEHUsT NPOCHOZUPOBAHUsL Yelid KpeHa
npedcmasien 2ubpuonblll  gelieem-nooxod. bvlr no-
cmpoen mHoeocnolnbil nepcenmpor (MLP) na szvixe
npoenozuposanusi Python, xomopulii vl unmezpupo-
ean ¢ eetignem—memooom Jlykaca (LWM) ¢ yenvio co-
30anusi mooenu MLP-LWM, cnocobnyto onucvisame
HeNUHEeUHYI0 OUHamMuKky kpena. Kombunupoeanmulii me-
MO0 HOIHOCMbIO COOMEENICMBOB8ANL  HAOMOOAEMOMY
nosedenuto (R2 = 0,998010) u 6v11 nposeper na coom-
6emcmeue YCmMaHo8IeHHbIM MeMOOUKaM, BKII0Yas me-
moo Axbapu-I andxcu (AGM). [na penpesenmamugro-
20 UCNBIMAHUSL HA KpeH noo yenom 4° memoo AGM npo-
O0eMOHCMpUpoBan Hauboiee HNOIHOE COOMBEMCHIEUE
IMANOHHOMY NOKA3AMeNI0, NOIYYU8 cpedHee 3Havenue 0
= 0,0528 u cmandapmnoe omkaonenue 0,0146. Memoo
eomomonuueckux sozmyujenutt (HPM) noxaszan nesna-
yumenvuyio nozpewnocms 6 0,87%, mozoa kax memoo
MLP-LWM oan 6onvuyro noepewnocmo 6 5,11%, npu
cpeonem snavwenuu 8 = 0,0555 u cmanoapmnom omxno-
nernuu 0,0154. Cpasnenue spemeHHbIX P06 NOKA3bI6A-
em, umo ece Memoovl QUKCUPYIOM OOUH U MOMm Jice
obwutl mpeno samyxanusi, Ho MLP-LWM nyuwe cnpas-
aslemesi ¢ 6onee MEIKUMU NepexoOHbIMU NpoYeccamu,
yem HPM. Dmu pesynvmamvl noxaszwleéaiom, ymo 2u-
OpUOHDBILL NOOX00 SABNSEMCS MHO2000euarowum OJis
OnpeoenenUst CLONCHLIX GNeHUNl 0eMNPUPOBAHUS, CE5i-
3AHHBIX C PACHAECKUBAHUEM, OOHAKO O/ OOCTUINCEHUS.
nocmosunou mounocmu AGM mpebyiomes Odonoanu-
mebHble oOyyarowue OanHbie U HACMPOUKA 2UNnepna-
pamempos. Taxum obpazom, moodervs MLP—LWM npeo-
nazaem 2UOKYIO0 aibmepHamugy ¢ GblCOKUM PA3peuleHu-
eM 0751 NPOSHO3UPOBAHUST USMEHEHUs] KPEeHA HA CYOax,
YYBCTNBUMENbHBIX K KauKe, NpU YCA08UU NPOGEOCHUs.
O0ONONHUMENILHOU KAMUOPOSKU Neped IKCNIYAMmayuoH-
HbIM UCnoab3oeanuem. byoywas paboma 6ydem cocpe-
00moYeHa Ha pacutuperuy y4ebHvix Habopo8 OaHHbIX,
HOMYUEHHBIX HA OCHOBE PA3IUYHBIX COCMOSHUL MOPSL U
2eomempuu  pe3epeyapos, CUCHEMAMUYECKOM NOUCKe
2unepnapamempos u npogepKe 6 pPedyibHbIX YCIOBUSIX C
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Abstract. Roll damping is a central stability concern for
large maritime vessels, especially LNG carriers and
FPSOs fitted with large spherical tanks, where liquid
sloshing can intensify motions. This study introduces a
hybrid data-driven wavelet approach to improve roll-
angle prediction. We built a multilayer perceptron
(MLP) in Python and integrated it with the Lucas wave-
let method (LWM) to create an MLP—LWM model capa-
ble of modeling nonlinear roll dynamics. The combined
method delivered a strong fit to observed behaviour (R?
= 0.998010) and was validated against established
techniques, including Akbari-Ganji's Method (AGM).
For a representative 4° roll test, AGM produced the
closest agreement with reference behaviour, yielding
mean 6 = 0.0528 and standard deviation 0.0146. The
homotopy perturbation method (HPM) showed a minor
error of 0.87%, whereas the MLP-LWM produced a
larger error of 5.11%, with mean 8 = 0.0555 and stand-
ard deviation 0.0154. Time-history comparisons reveal
that all methods capture the same overall decay trend,
but MLP-LWM resolves finer transient features better
than HPM. These results indicate that the hybrid ap-
proach is promising for capturing complex sloshing-
related damping phenomena, yet it requires additional
training data and hyperparameter tuning to reach the
consistent accuracy of AGM. In summary, MLP-LWM
offers a flexible, high-resolution alternative for roll-
damping prediction in sloshing-sensitive ships, provided
that further calibration is undertaken before operational
use. Future work will focus on expanding training da-
tasets drawn from varied sea states and tank geometries,
systematic hyperparameter searches, and real-world
validation with model tests or full-scale measurements
to close the performance gap urgently.
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NOMENCLATURE
¥ - Time,s M - Displacement, m’
8 - Roll angle, degrees M(t) - Exciting moment, N-m
& - Angular velocity, degrees/s GZ - Righting lever of the ship, m
& - Angular acceleration, degrees/s GM - Metacentric height, m
I,, - Mass moment of inertia, kg/m? € - Restoring coefficient, N/m
A - Added mass moment of inertia, kg/m’ & - The ratio of linear damping
B, - Linear damping 11 - Non-dimensional nonlinear term
B, - Nonlinear damping I - Imaginary unit
LBP - Length between perpendicular B - Breadth
D - Draft H - Height of the ship

1. INTRODUCTION

The study of ship roll-damping is a critical
area of marine engineering, particularly for ves-
sels such as Liquefied Natural Gas (LNG) carri-
ers, Floating Production Storage and Offloading
units (FPSOs), and other ships equipped with
large spherical tanks. The significance of roll-
damping lies in its ability to stabilise lateral mo-
tion, which is essential for ensuring operational
safety and efficiency in marine environments.
The roll motion of ships is inherently non-
linear, necessitating the application of advanced
mathematical methods to solve the governing
equations effectively.

Roll-damping mechanisms are vital for
maintaining the stability of vessels in the face of

external disturbances, such as waves and wind.
For LNG carriers, which transport highly vola-
tile cargo, maintaining stability is paramount to

prevent accidents and ensure safe operations.
The roll motion can lead to significant lateral
forces that may compromise the structural integ-
rity of the vessel and its cargo. FPSOs, which
are often deployed in harsh marine environ-
ments, also face challenges related to roll mo-
tion. The large spherical tanks used in these ves-
sels can exacerbate roll dynamics due to their
shape and the distribution of mass, making ef-
fective roll-damping solutions critical for opera-
tional safety.

The roll motion of ships is characterised by
its non-linear nature, which complicates the
analysis and modeling of roll-damping systems.
Non-linear dynamics can lead to unpredictable
behaviour, such as capsizing or excessive roll-
ing, which can be detrimental to both the vessel
and its cargo. As such, understanding and miti-
gating roll motion through effective damping
mechanisms is essential. Various methods have
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been developed to address the non-linear char-
acteristics of roll motion, including numerical
simulations and analytical techniques that can
provide insights into the complex interactions
between ship dynamics and environmental forc-
es[1].

Different methods for predicting ship roll-
damping at forward speed, including a simple
method and a component analysis considering
various damping sources. Formulas derived
from theoretical and experimental considera-
tions and a computer program were presented
[2]. The generalised Krylov—Bogoliubov as-
ymptotic method was used to develop a nonlin-
ear roll motion model for ships, introducing
nonlinearities through damping and restoring
terms, with validation through a numerical ex-
ample for a small vessel [3]. A nonlinear equa-
tion describing a ship rolling in synchronous
beam waves was proposed. The study employed
the generalised Duffing's method in the fre-
quency domain [4].

Another study addressed the complexity of
ship roll motion, emphasising the crucial role of
accurate estimation of viscous roll-damping,
especially due to low potential wave damping.
The study offers an extensive literature review
on various prediction methods for viscous roll-
damping and presents a state-of-the-art estima-
tion method for ship-shaped structures. The de-
veloped computer code is validated against ex-
perimental data, aiming to provide a compre-
hensive reference for future research on this top-
ic [5].

The estimation of parameters for ship roll-
models has been extensively discussed in recent
years, utilising various computational methods,
such as theoretical analysis, model experiments,
and numerical simulations. Prior research has
focused mainly on analytical or numerical ap-
proaches to solving the nonlinear roll response
of a floating body [6-8]. Nonlinear and fraction-
al differential equations have also been used to
investigate roll characteristics [9, 10].

Approximated solutions were obtained by
either semi-analytical or numerical methods,
while the exact ones are not attainable. Analys-
ing natural roll decay, either numerically or ex-
perimentally, can be used to determine the pa-
rameters of nonlinear systems. A combination

of asymptotic methods such as RKM, HPM,
cargo methods, Froude energy, and wavelet
methods, is effective for solving nonlinear dif-
ferential equations [11-13]. The definitions of
the natural roll decay allow for the determina-
tion of parameters in the nonlinear system.

In the broader field of non-linear equation
solutions, various analytical methods have been
employed to address the complexities of non-
linear fluid dynamics, but roll-damping mecha-
nisms in ship and offshore structures were not
studied specifically. Among these methods, Ak-
bari-Ganji's Method (AGM), Homotopy Pertur-
bation Method (HPM), and Variational Iteration
Method (VIM) were chosen for this study. They
stand out due to their effectiveness in tackling
complex nonlinear equations.

The Akbari-Ganji's Method (AGM) is a
semi-analytical technique that has been success-
fully applied to solve a variety of non-linear dif-
ferential equations. This method involves trans-
forming the non-linear equations into a series of
linear equations, which can then be solved itera-
tively. The AGM is particularly useful in fluid
mechanics for problems where traditional ana-
lytical methods may fail due to the complexity
of the non-linear terms present in the governing
equations [14, 15]. Its application in magneto-
hydrodynamics (MHD) and non-Newtonian flu-
id dynamics has demonstrated its versatility and
robustness in yielding accurate solutions [16,
17].

The Homotopy Perturbation Method (HPM)
is another powerful tool for solving nonlinear
equations. Developed by Ji-Huan He, HPM
combines the concepts of homotopy and pertur-
bation techniques to construct a solution that
converges to the exact solution of the non-linear
problem. This method is particularly advanta-
geous as it does not require a small parameter,
making it applicable to a broader range of prob-
lems, including those in fluid mechanics, where
non-linearities are significant [18, 19]. The
HPM has been effectively utilised to solve vari-
ous fluid flow problems, including those involv-
ing nanofluids and MHD flows, showcasing its
adaptability and efficiency [20, 21].

Wavelet analysis, utilising natural roll de-
cay, offers an efficient approach for estimating
ship roll-model parameters. The method’s foun-
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dation lies in a smooth orthonormal basis, de-
rived from a mother wavelet, which is pivotal
for compression algorithms. Wavelets are dis-
tinguished by features such as compact support
and multi-resolution analysis, making them
highly relevant in both theoretical and practical
contexts. They enable the algebraic representa-
tion of problems in the wavelet domain, which
can be inversely transformed to achieve solu-
tions. With the capability to represent signals
concurrently in time and frequency domains,
wavelets provide benefits like discrete time-
frequency localisation, adaptability, and robust-
ness. They are particularly useful in numerical
approximations for solving ordinary and partial
differential equations, as well as integral and
integrodifferential equations, through various
wavelet forms such as Haar, Legendre, Cheby-
shev, Lucas, and Vieta-Lucas [22-25].

Wavelets are versatile, finding use in various
disciplines including mathematics, physics,
chemistry, biology, engineering, statistics, and
time series analysis. Various wavelet forms and
approximation functions are utilised for numeri-
cal solutions to initial and boundary value prob-
lems. Additionally, wavelet neural networks are
gaining recognition as a novel method for ad-
dressing nonlinear differential equations [26-28].

2. METHODOLOGY

It should be mentioned that the methodolo-
gy, including equation solving, compter-based
replica, and model development, was conducted
using Python for computational efficiency and
reproducibility.

2.1. Case Study (I): LNG carrier with two
spherical tanks

We have conducted a study on a barge-style

vessel, 200 m in length and 46 m in beam, with
a focus on its roll response and sloshing issues.
The details of this vessel are provided in Table
2. It has a uniform cross-section along its length
and is designed to display roll characteristics
typical of a Moss-type LNG carrier. The ves-
sel’s sloshing effects are simulated using two
spherical tanks.
The study was carried out using a computerized
model that replicates the conditions of an LNG
carrier during side-by-side offloading. We chose
a standard load condition of 50% by volume as
the reference for this study, with details provid-
ed in Table 1 for both the full-scale and the rep-
lica scale.

Table 1
Properties of the investigated barge-style LNG carrier[7]
Ship Designation Parameters Values

LBP, m 200

B, m 46

H, m 25.5

Draught — average, m 11.1

Displacement, kg 99297900

Radius of roll gyration, m 19.4

Radius of pitch gyration, m 68.5

The replica under investigation is depicted in
Fig. 1. The vessel’s conditions under investiga-
tion include calm water and wave conditions.
Decay tests were performed in calm water to
obtain decay curves. In these tests, the vessel is
tilted to an initial angle (as shown in Fig. 2), re-
leased when the target is reached, and then al-
lowed to move freely in the calm water [29].

2.2. Case Study (II): FPSO unit

A Floating Production Storage and Offload-
ing (FPSO) unit, representative of Brazilian oil
production platforms, serves as the subject of
this case study, analyzing two distinct opera-
tional loading conditions: full and standard
loading. Table 3. presents the primary character-
istics of the FPSO under these loading conditi-
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(a)

(b)

(c)

Figure 1. The three-view breakdown drawing of the barge-style LNG carrier

€,

] jHeaE Angle

Figure 2. The demonstration of roll decay damping of the vessel in calm water

ons. Across all three loading scenarios, the
FPSO featured bilge keels measuring 1.00 m in
width, extending along 127.2 m on both sides of
the parallel body—an inclusion typical for
FPSO units, often with larger dimensions than
conventional ships. The average damped roll
natural periods of the replica were 14.8 s, and
14.4 s, respectively for the full and standard
loading conditions. The estimation of roll decay
damping coefficients based on the replica is
provided in subsequent table 2 [29].

2.3. Formulating the mathematical models

Two mathematical models are formulated
for maritime structures: an LNG carrier with
two spherical tanks and an FPSO replica. For
the LNG carrier, equations describing roll mo-
tion are simplified using Fourier series expan-
sion, while the FPSO replica utilizes a single

degree of freedom equation incorporating both
linear and quadratic damping components.
These formulations are crucial for understand-
ing the behavior of these vessels in different en-
vironmental conditions.

2.4. LNG carrier with two spherical tanks

The equations are taken from the referred ar-
ticles[6, 30, 31].

A ship, taking allows:

(M+ A)8 +B,6+B,8[8| +c=0 (1)

To determine the linear damping term Bl
and the nonlinear damping term B2 in the roll
motion equation (Eq. 1), it is assumed that the
decaying oscillation exhibits a reasonably har-
monic behavior over each half cycle. As a re-
sult, the nonlinear term is approximated a line-
arized using a Fourier series expansion as:
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Table 2
Properties of the investigated FPSO unit
Ship Designation Parameters Standard Full
LBP, m 320 320
B, m 54.5 54.5
D, m 27.8 27.8
Draught — average, m 14.7 8.0
Displacement, kg 211.884 111.400
Roll inertia, t.m? 8.29E+07 5.09E+07
Metacentric height, m 9.5 12.41

£

6lo] = - w,6,6 @)

By substituting in (Eq. 2), the non-
dimensional form of the nonlinear equation of
motion (Eq. 1), with an initial heel angle of 4°
can be expressed as:

6+ 28w, 0 —|-% w, 0,6 + w28 =0 3)

2.5. The FPSO replica

The equations are taken from the referred ar-
ticles [10, 31].

The equation describing the roll decay mo-
tion of shining calm water can be expressed as a
single degree of freedom (1-DOF) equation:

(I + @) + by, ()8 + C6 =0 (4)

The damping coefficient, denoted as byy (E‘j,
1 the equation. The canonical form of (Eq. 4) is
defined by:

éj—l-b(ﬁ')é—l- w:f =0 (5)
Where:
- ) 2 _ _mgCH
EE] - (Fontema,) and Wa A

The damping moment can also be expressed
as a combination of linear and quadratic com-
ponents:

b(8)6 = b,6 + b,6 5| (6)

By substituting (Eq. 6) into (Eq. 5), we can

derive the equation for the ship's roll motion:

6+ b6 +b,0|6| + w6 =0 %)

2.6. Lucas wavelet method combination with
a multi-layer perceptron

In brief, wavelets are small waves construct-
ed from the dilation and translation of a single

function, known as the mother wavelet. Lucas
wavelets are a specific type, defined by Lucas
polynomials, and can be used for function ap-
proximation. The Multi-Layer Perceptron
(MLP) is a feed-forward artificial neural net-
work employed for tasks like time-series fore-
casting. In the context of wavelets, MLPs can
utilize wavelet solutions as inputs for forecast-
ing tasks, achieving accurate predictions by pro-
cessing historical data effectively.

2.6.1. Wavelet

A wavelet is a small wave that consists of a
collection of functions constructed from the di-
lation and translation of a single function known
as the mother wavelet[32]. This collection of
continuous wavelets is defined by:

(P (9) = |ﬂ|_§@(i;b),ﬂ,b ERanda =0
L ()
Here, @ represents the dilation parameter

[N .
and D represents the translation parameter. If
we assign discrete values to these parameters as
a=a, Tand b= qbga, * =1
and bo = 0

, where “o

, and P and 9 are positive integers,
then the family of discrete wavelets is defined
as follows:

Py o (0) = |ﬂ|_§?(“upﬂ— abo)  (9)

2.6.2. Lucas polynomials

The equations are taken from the referred ar-
ticle[33].
The Lucas polynomials of degree 4, denoted

as La, can also be defined using the following

relation:
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Lo(#) =279[(0 — (9% + )7+ (9 +/ (57 + 4))7]
(10)
Alternatively,

L,(®)=2L,(8)=08L,(8)= 9>+ 2andL,(9)

2.6.3. Lucas wavelet

The equations are taken from the referred ar-
ticles [8, 33].

Lucas wavelets denoted as %=z.q (9) or
¢(k:P:19:9) are defined on the interval [0, 2)

with four arguments:
B+r
_ 2= L (2 — po) B 542
‘PHJI (ﬂ) - { ‘T( t ptj ! il =9 = i+l
0, otherwise, - -

(13)
Where:
=a=0
Lo={
=L (8),g =0
J=La@.q (14)

Now, S i1s defined as the maximum order of
the Lucas polynomials. The indices for the Lucas
polynomials are given by 4 = &L 2...,5 =1
P is also defined as 2(2p + 1), where p takes
values from 0 to 2k — 1
negative integer.

, with k being any non-

The Lucas wavelets, denoted as Lq(ﬂj, are a
set of Lucas polynomials of order S that are or-
thogonal concerning:

Y(d) = [th,u[f’l T C)

1f ¥(9) is defined as the Lucas wavelet vec-
tor in (Eq. 18), then the first derivative of this
vector can be expressed as:

dad(d#)
—5 — Ew(0)

(19)

( k+1 '_
2 (u-1) ':{';—_.I

-

.u?

For proof of this theorem, see reference [34].

wlﬁ—l(ﬂ]: 1{]‘2 J}(ﬂ:]; ey

2,3,..58=12..u

2sinh g@, q is odd
2cosh gqf, g is even,
(11)
Some of these Lucas polynomials are de-
fined as follows:

Lq(ﬂj = Lqizsinhﬁ'j = {

=9° 4+ 30 and so on... (12)
1

w(#) = oVt +4

2.6.4. Function approximation

A function f(¥) defined over the interval
[0, 2) can be expanded in terms of Lucas wave-
lets as follows:

fl®) =% Ve (F)  (15)
By truncating the infinite series in Equation

(15) concerning the p and q of the Lucas wave-
[

n=1&m=0 :lzm

let, then the coefficients “am represent the val-

ues of the function £(¥). The term w”*’”w» rep-
resents the inner product of F(8) and ¥am (9),
where ¥nm (?) is a Lucas wavelet with a weight
function (7).

-F(ﬂ) f kg J_\ﬂ) L';':! J. m I} i ]1'!’;';'11 [L) - Fr]f’r(ﬂ)
(16)
Where F and ¥(t) are 2¥S X 1 matrices giv-

en by:

F=[foo S

Jrs—1Jage e

frs—v i Fatsal” (17

%5—Liﬂ:| E (ﬂ] - .-.{5 ! l?:l (18)

is 25 square matrix of order the
F F
E= (F Fj

Here, a square matrix F of order S, where
each element in the (u, d) position is defined as:

Where E
derivative:

—Lutd=oda
0, otherwise (20)

2.6.5. Corollary [18] and Convergence
theorem
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The operational matrix of the derivative for
an nth-order can be obtained by:

dls)
o =E"p(d), n=1,2,...

where E™ isn™ power of E.

The Lucas wavelet series solution, as defined in
(Eq. 15), converges uniformly towards the func-

tion f(9) when Lucas wavelets are utilized
[18].

2.6.6. Multi-Layer Perceptron (MLP)
approach in wavelet

In this study, a widely recognized feed-
forward artificial network known as the Multi-
layer Perceptron (MLP) was utilized [35]. [t is a
powerful tool, capable of expanding the Lucas
wavelet domain for roll angle data forecasting.

Wavelet Solution (method could be changed)
2k s-1

FO) = Fr5:1®) Y. D Com bum®)

n=1m=0

The time-series format of roll angle data is cru-
cial for accurate forecasting, and we assumed
that the MLP model's output relies on the last 5
seconds of roll angle history for improved re-
sults. The forecasting process, illustrated in Fig.
3, involves formulating roll angle data from the
wavelet solution, which is then treated as input
for the MLP model's input layer. The network
comprises an input, with four hidden layers and
an output layer with a sigmoid activation func-
tion. Employing the Adam optimizer with an
initial value of 0.001 effectively regulates the
learning rate of the feed-forward network in the
context of wavelet time-series forecasting. With
this network configuration, the MLP successful-
ly forecasted the next 50 seconds of roll angle
data with a high level of accuracy, evaluated
with correlation coefficient R?.

N
Nk
/0

Multi-Layer

Perceptron

Wavelet
Dataset

,@M«L
§ ‘bH N
0, @, o
J f f (
wH’cA«‘H
5.9 .©
U=

Vi

Output
# Forecasted
Value

o

Figure 3. Flowchart of MLP forecasting the roll motion

2.7. Illustrative examples

The study explores cargo ship roll motion
using the Lucas Wavelet algorithm, alongside
alternative methods like HPM and AGM. By
considering damping and restoring moments,
the Lucas Wavelet method effectively approxi-
mates roll angles. Furthermore, employing MLP
with LWM enhances roll angle forecasting,
shedding light on the ship's dynamic behavior.
Similarly, equations governing ship roll motion,
considering linear and quadratic damping, are
analyzed, with solutions derived using the Lucas
Wavelet method and compared with HPM and

AGM solutions. The integration of MLP with
LWM offers deeper insights into the ship's roll
motion dynamics under different conditions.

2.7.1. Nonlinear roll motion of cargo ship

The equation (4) can also be written as:
S thZ+n2 2+ co=0
With  initial defined
6(0)=6,,6(0)=0
From equation (21), damping moments are
set as D1 = 00238 4pg by = 0.552 Regtoring

1)

conditions as:

477



™ \ | DIRECTORY OF
‘_)L /\ | oPEN ACCESS
J/=\_J JoURNALS

Hayuno-mexnuueckuit eecmnux bpanckozo zocyoapcmeennozo ynusepcumema, 2025, Ned
Nauchno-tekhnicheskiy vestnik Bryanskogo gosudarstvennogo universiteta, 2025, No.4

DOI: 10.22281/2413-9920-2025-11-04-470-486

moment is also experimentally obtained [31] ,
and the coefficient of the linear restoring mo-

ment is considered to be €1 = 0:17528 Tpe
initial conditions for solving (Eq. 21) are as fol-
lows:

6(0) = 0.0698,8(0) = 0 (22)

As solving (Eq. 21) with initial conditions
(Eq. 22), using the Lucas Wavelet algorithm, for
the case of k=0 and S=3, the approximation re-

sults for (9 is obtained. The two operational
metrics E and E~ are given as:

0 0 0 0 0 0
E = (r{z 0 u) and EX = ( 0 0 u)
0 4t 0 —4/2 0 0

As the function could be obtained by
equation (18), the following relation is applied:
IE 2
() = ||_ 29 — 1)
VT (—40% + 89 - 2)

If € is set as

cTD*y(t) + 0.0238CT DY(t) + 0.552¢T (Dy(t))* + 0.17528C T w(t) =0

If t=1 is chosen to be the collection point,
the following equations will be applied:
141.312¢5 — 10.00185¢, + 0.01223=10

(25)

Applying the boundary conditions, we gain:
2¢cy —21c; — 2¢, = 0.0698 (26)
zw“rzwl +8c, =10 (27)
Solving algebraic equations simultaneously,

we obtain:
¢, = 0.0395,¢c, = 0.00344, ¢, = 0.0395

By connections coefficients above, the
wavelet solution is obtained as:
f(9) = 0.0834 — 0.00489" (28)

(Co0- Co,1s CI},Z)T = (s €12 C:)T
Therefore, the LWM would be given by:

(23)

24)

2.8. Equations governing the ship roll motion

This section investigates the incorporation of
both linear and quadratic damping as well as
restoring moments. Decay damping coefficients
mentioned in Table 3. are also taken from the
reference [10]:

d*d dé dé |da8 2
E+b1;+bg§|;| +w, =0 31)

Also, the initial conditions are defined as:

6(0)=6,,6(0)=0

Table 3

Decay damping coefficients in different conditions

Condition Standard condition Full condition
bi[s_lj b:[s_l] bl[s_l] b:[s_l]
Init 5°¢ - 0.020 0.192
Init 10° 0.015 0.710 0.015 0.555
Init 15° - 0.014 0.586
Init 20° 0.018 0.705 - -

Study Case (I): In this context, (Eq. 31) is
examined with fixed coefficients, where the cor-
responding experimental values are provided in
Table 3. for the natural roll period

T, = 14.8 geconds.

b, = 0.015,b, = 0.555,w; = 0.18023
With conditions as:
©(0) =0.174533,6(0) =0 (37
By employing the Lucas wavelet method's
operational matrix approach, we acquire:
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CTD*YP(t) + 0.015Dy(t) + 0.555(Dy(t))* + 0.18023CTy(t) =0

Selecting t = 1 as the collocation point leads
to the following equation.
141.312¢5 — 10.00185¢, +0.01223 =0
(34)
Applying the boundary conditions, we gain:
2cy — 210y — 2¢, = 0175433 (35)

Ew.fzwl +8c,=0 (36)

8(9) = (e~°%75%((0.0030838 sin(0.4244699) + (0.175433 cos(0.4244691)

The AGM solution is obtained as:

(33)

Solving algebraic equations simultaneously,
we obtain:
¢y = 0.081835,¢, = 0.0084,c, = 0.00297

By connections coefficients above, the
wavelet solution is obtained as:
g(¥) =0.175433 — 0.001469° (37)
The HPM solution is obtained as:
(33)

8(9) = (e ®9539% ((—8.237253.10 "sin(37.889919) + (0.174519968 cos(0.4227969)39)

And also, the MLP - LWM gives the roll an-
gle solution.

Study Case (II): In this context, (Eq. 39) is
examined with fixed coefficients, where the cor-
responding experimental values are provided in
Table 3 for the natural roll period

Ty = 1444 seconds.

CTD*P(t) + 0.015CTDY(t) + 0.71CT (DY (t))* + 0.19039CT¢(t) = 0

Selecting t = 1 as the collocation point leads
to the following equation.
181.76¢5; — 11.86916¢, + 0.03322=10
(42)
Applying the boundary conditions, we gain:
2cy — 2y — 20, = 0175433 (43)

E‘u‘IFZr,Cl + 8¢, =0 (36)

8(9) = (e~ 5% ((0.003004 sin(0.436237) + (0.175433 cos(0.4362377)

The AGM solution is obtained as:

b, = 0.015,b, = 0.710,w? = 0.19039
With conditions such as:
@(0) =0.174533,¢(0) = 0 (40)
By employing the Lucas wavelet method's
operational matrix approach, we acquire:

(41)

Solving algebraic equations simultaneously,
we obtain:
¢y = 0.081908,¢; = 0.00828, ¢, = 0.00293

By connections coefficients above, the
wavelet solution is obtained as:
6(8) = 0.175433 — 0.001569%  (44)
The HPM solution is obtained as:
(45)

B(0) = (™ ((—7.3941351.107*°sin(68.663960) + (0.000111 cos(1.693918) (46)
And also, the MLP - LWM gives the roll angle solution.

3. RESULTS AND DISCUSSION

The MLP - LWM model trained for wavelet
roll-damping prediction initially exhibits poor
performance for the lower number of epochs
with negative £~ values, indicating a lack of
correlation between predicted and actual values.
However, through successive epochs, the model
demonstrates significant improvement, gradual-

ly increasing its £ values until they approach
near unity. The final forecasted value aligns
well with expectations, suggesting the model's
ability to capture underlying patterns effective-
ly. This progression underscores the MLP's ca-
pacity to learn complex relationships within the
data and highlights its potential for accurate
prediction in wavelet roll-damping scenarios.
The progression for training and evaluations
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through R? values are mentioned in Table 4.

The forecasted values are provided further.

Table 4
Epochs and Correlation Coefficient of the MLP — LWM
Epoch R*

1 -18.126725
51 -0.059608
101 0.000619
151 0.001585
201 0.002340
251 0.003305
301 0.004613
351 0.006473
401 0.009242
451 0.013572
501 0.020766
551 0.033714
601 0.059584
651 0.118084
701 0.264561
751 0.601284
801 0.955520
851 0.998010
901 0.998168
951 0.998191

The comparison of the four mentioned
methods: AGM, HPM, MLP - LWM, can give
us valuable information. The comparison of
methods response to the problem for the Roll
angle of 4° illustrated in Fig. 4 as curves and in
Fig. 5 as a Scatter plot with error bars.

As may be seen in Table 5, statistical data
regarding the mean roll angle (0) obtained
through different methods, along with their
standard deviations and error percentages from
the AGM (Assumed Ground Model) are pre-
sented. Since the AGM is assumed as the refer-
ence, there's no error percentage listed for it.
The HPM shows a slightly higher mean roll an-
gle compared to the AGM, with an error per-
centage of 0.87%. The MLP - LWM exhibits
the highest mean roll angle among the methods
compared to the AGM, with an error percentage
of 5.11%, this may be showcasing the fact that

the MLP - LWM model requires further hy-
perparameter tuning, or even more wavelet data
to be trained with.

As may be seen in Fig.4, The graph depicts
the decay of Theta (0) over time (t) for three dif-
ferent methods: AGM, HPM, and MLP-LWM.
All methods show a decreasing trend, with
MLP-LWM exhibiting the most rapid decay,
followed by AGM and HPM. Error Percentage
and Standard Deviation from AGM are given in
Table 5.

Fig 5. illustrates the oscillation of Theta (0)
over time (t) for three methods: AGM, HPM,
and MLP-LWM. AGM and HPM exhibit simi-
lar results, while MLP-LWM provides the clos-
est approximation to the true signal, capturing
even the smallest noise components in roll-
damping angle prediction.
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Figure 4. Comparative curve of AGM, HPM, and MLP - LWM for Roll angle of 4°

Table 5

Error Percentage and Standard Deviation from AGM

Method Mean Theta (€) Std Deviation Error Percentage from AGM
AGM 0.0528 0.0146 -

HPM 0.0532 0.0145 0.87%

MLP - LWM 0.0555 0.0154 5.11%
0.20
0.15
0.10
s 0.05
g 0.00
—0.05
-0.10
-0.15
—0.20

0 10 20 30 40 50
Time (t)
Figure 5. Case Study (I) Comparative study of AGM, HPM, and MLP - LWM for Roll angle

of 4°
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Figure 6. Case Study (I1) Comparative study of AGM, HPM, and MLP - LWM for Roll an-
gle of 4°
Table 6
Comparison of Methods over time for Cases I and II

Case Case Study (I) Case Study (I1

. MLP- MLP-
Time (s) AGM HPM LWM AGM HPM LWM

0.00 0.1745 0.1776 0.1717 0.1745 0.1748 0.1867

0.44 0.1714 0.1746 0.1686 0.1714 0.1717 0.1833

0.89 0.1623 0.1654 0.1596 0.1623 0.1626 0.1735

1.33 0.1475 0.1506 0.1450 0.1475 0.1478 0.1575

1.78 0.1275 0.1306 0.1253 0.1275 0.1278 0.1361

2.22 0.1030 0.1061 0.1011 0.1030 0.1033 0.1098

2.67 0.0748 0.0779 0.0735 0.0748 0.0751 0.0798

3.11 0.0441 0.0472 0.0433 0.0441 0.0444 0.0470

3.56 0.0118 0.0148 0.0116 0.0118 0.0121 0.0125

4.00 -0.0210 -0.0179 -0.0206 -0.0210 -0.0207 -0.0223

Fig 6. displays the oscillation of Theta (8) damping behavior in the underlying case stud-

over time (t) for three methods: AGM, HPM,
and MLP-LWM. All methods exhibit approxi-
mately the same pattern, with MLP-LWM cap-
turing the fine details and amplitude variations
more closely to AGM than HPM.

Table 5 and the following Fig 7. present a
comparison of three methods (AGM, HPM, and
MLP-LWM). The results are displayed over
time, with the dependent variable denoted as
"Theta (0)".

All three methods generally follow a de-
creasing trend over time, suggesting a decay or

ies. At the initial time step (t=0), all three meth-
ods produce similar values for Theta, indicating
a consistent starting point.

AGM and HPM: These methods exhibit
relatively close results throughout the time span,
suggesting similar levels of accuracy.

MLP-LWM: This method often produces
slightly higher values than AGM and HPM, in-
dicating more accurate pattern recognition. The
slight deviations of MLP-LWM might be at-
tributed to differences in its learning curve or
implementation.
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The analysis of two case studies, each com-
prising data from three models -AGM, HPM,
and MLP - LWM reveals distinct trends. In
Case Study (I), all models commence with
comparable values at time 0.00, but as time pro-
gresses, AGM consistently maintains higher
values compared to HPM and MLP - LWM.
Moreover, the values for all models decrease
over time intervals, with AGM consistently out-
performing the other models. Similarly, in Case
Study (II), AGM exhibits higher values from the

1% o)
8 g o)
8 o
0.15 @
@0,10
fav]
D
=
H
0.05
0.00
0.0 0.5 1.0 15 2.0

onset, maintaining its superiority over HPM and
LWM throughout the observation period. The
patterns observed in Case Study (II) mirror
those in Case Study (I), with AGM consistently
surpassing the other models in terms of value
retention over time. Thus, the Average Growth
Model emerges as the most effective among the
three models analyzed, demonstrating its supe-
riority in maintaining higher values across vari-
ous time intervals in both case studies.

AGM Case Study I

HPM Casc Study 1
MLP-LWM Case Study 1
AGM Case Study IT
HPM Case Study 11
MLP-LWM Case Study I1

% = 0.100

G =0.075 ;2

= 0150

= 0125

®@®e6a0

- 0.050
8

- 0.025

- 0.000

2.5 3.0 3.5 4.0

Time (s)

Figure 7. Scatter Plot with Color Mapping for Case Studies

4. Conclusion

In this study, the performance of the MLP-
LWM model for predicting wavelet roll-damping
and compared it with the AGM and HPM models
was investigated. The results highlight the ability
of the MLP-LWM model to improve over time,
with R? values rising from negative to near unity
as the training epochs progressed, demonstrating
its potential to capture complex relationships in
the data. However, despite these improvements,
the MLP-LWM model showed higher error per-
centages (5.11%) compared to the AGM (0%)
and HPM (0.87%), indicating that it is less accu-
rate in its current form.

The comparative analysis of roll angle predic-
tions reveals that the AGM model consistently
outperforms the others in terms of accuracy and
stability, with the most reliable results observed

in both case studies. The HPM performed slight-
ly better than MLP-LWM but still lagged behind
AGM. The MLP-LWM model, while effective in
capturing finer details, requires further hyperpa-
rameter tuning and additional training data to
improve its prediction accuracy.

Overall, the AGM remains the most effec-
tive model for wavelet roll-damping prediction
in this study. However, the MLP-LWM model
shows promise and, with further refinement,
could offer valuable insights and improvements
for more complex wave-damping scenarios. Fu-
ture work will focus on enhancing the MLP-
LWM model’s performance through better
training techniques and data augmentation, aim-
ing to close the accuracy gap with the AGM.

Future Work

Potential future avenues for research in ship
roll-damping prediction could involve the de-
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velopment and exploration of advanced Al
models, specifically focusing on weakly super-
vised or unsupervised learning techniques. Lev-
eraging the power of machine learning algo-
rithms to discern patterns and relationships
within the vast datasets associated with mari-
time dynamics could enhance prediction accura-
cy. Additionally, there is scope for the creation
of a model capable of intelligently selecting the
most appropriate non-linear solution for each

herent physics and nature. This would involve a
comprehensive understanding of the underlying
dynamics, enabling the model to adapt and
choose the most accurate prediction method tai-
lored to the unique characteristics of each sce-
nario. Such an approach would not only con-
tribute to improved accuracy in roll-damping
predictions but also offer a more versatile and
adaptive solution to the intricacies of maritime
operations.

specific roll-damping problem based on its in-
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