AN

AAA
KSOE
AP

Original Research Article

Journal of Ocean Engineering and Technology 37(5), 198-204, October, 2023
https://doi.org/10.26748/KSOE.2023.019

pISSN 1225-0767
eISSN 2287-6715

Estimating Hydrodynamic Coefficients of Real Ships Using
AIS Data and Support VVector Regression

Hoang Thien Vu®', Jongyeol Park®? and Hyeon Kyu Yoon?

Graduate Student, Department of Smart Environmental Energy Engineering, Changwon National University, Changwon, Korea
%Professor, Department of Naval Architecture and Marine Engineering, Changwon National University, Changwon, Korea

KEYWORDS: AIS data, Real ship, Hydrodynamic coefficient, Support vector regression, Parameter identification

ABSTRACT: In response to the complexity and time demands of conventional methods for estimating the hydrodynamic coefficients, this study
aims to revolutionize ship maneuvering analysis by utilizing automatic identification system (AlS) data and the Support Vector Regression (SVR)
algorithm. The AIS data were collected and processed to remove outliers and impute missing values. The rate of turn (ROT), speed over ground
(SOG), course over ground (COG) and heading (HDG) in AIS data were used to calculate the rudder angle and ship velocity components, which
were then used as training data for a regression model. The accuracy and efficiency of the algorithm were validated by comparing SVR-based
estimated hydrodynamic coefficients and the original hydrodynamic coefficients of the Mariner class vessel. The validated SVR algorithm was then
applied to estimate the hydrodynamic coefficients for real ships using AlS data. The turning circle test was simulated from calculated hydrodynamic
coefficients and compared with the AIS data. The research results demonstrate the effectiveness of the SVR model in accurately estimating the
hydrodynamic coefficients from the AIS data. In conclusion, this study proposes the viability of employing SVR model and AlS data for accurately
estimating the hydrodynamic coefficients. It offers a practical approach to ship maneuvering prediction and control in the maritime industry.

1. Introduction

Estimating the hydrodynamic coefficients is crucial for understanding
and analyzing the behavior of ships under various operating conditions.
Traditionally, obtaining these coefficients requires extensive model tests
or complex numerical simulations, which can be time-consuming,
expensive, and limited to specific scenarios. On the other hand, with the
advent of system identification (SI) and the advances in machine learning
algorithms, it has become possible to estimate these coefficients using
AIS data and SVR method. AIS data provides real-time information on
the position, speed, course, and other relevant parameters of ships,
making it a valuable resource for studying the dynamics of ships. SVR is
a powerful machine learning technique that can capture complex
relationships between input data and hydrodynamic coefficients.

Previous studies have explored various approaches for estimating the
hydrodynamic coefficients using the support vector machine (SVM)
algorithm. Luo and Zou (2009) employed the least square-SVM (LS-
SVM) algorithm to estimate the hydrodynamic coefficients for the
Mariner class vessel based on the turning circle simulation results.

Building on this work, Luo (2016) extended the research to KVLCC2,
estimating hydrodynamic coefficients from free running model test

results using LS-SVM. In another study, Liu et al. (2019) used the &-
SVM approach to estimate the hydrodynamic coefficients of the Mariner
class vessel, employing combined simulation results from the turning
circle test and zigzag test as training data. Mou et al. (2013) used the ridge
regression algorithm to calculate the optimal value of the K and T indices
in the Nomoto model using AIS data. Then, the rudder angle was
estimated using the optimal values of the K and T indices and from the
AIS data. Inazu et al. (2020) described the ship velocity obtained from
AlS data into two components according to the ship heading: heading-
normal and heading-parallel directions. The surge velocity and sway
velocity were calculated using AIS data.

In this study, the linear-SVR algorithm was validated. This was
achieved by simulating the turning circle test from the hydrodynamic
coefficients of the Mariner class vessel. The linear-SVR algorithm was
used to estimate the hydrodynamic coefficients based on the simulation
results. The estimated coefficients were then compared with the original
coefficients to validate the performance of the algorithm. Once the
algorithm is validated, the hydrodynamic coefficient estimation of
Silverway ship in AIS data is carried out, and the estimated coefficients
are compared with the corresponding AIS data for further analysis and
evaluation.
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2. Data Collection and Processing

The AIS data was collected through an open-source platform from the
automatic identification system at the National University of Singapore.
In this study, the data from October 2022 was selected as the study data.
This dataset contains substantial information, including more than
7,371,647 data lines relating to more than 22,000 ships and marine
vehicles. The AIS data is filtered based on the Maritime Mobile Service
Identity (MMSI) number, so that data should be of good quality, with
few errors or little missing data. For the purpose of this study, data
associated with the MMSI number 636017059 was chosen. The
principal dimensions of the ship are described in Table 1.

Table 1 Principal dimensions of Silverway ship

Item Value
Length (m) 277.00
Breadth (m) 48.00
Depth (m) 23.10
Draft (m) 17.17
Displacement (t) 183261.00
Ship speed (m/s) 4.94

Fig. 1 shows the actual trajectory of the Silverway ship. To facilitate
the estimation of the hydrodynamic coefficients, a small trajectory
segment has been selected. This trajectory was a segment where the ship
turned in a circle to starboard before reaching the mooring area. The
selected trajectory segment is shown in Fig. 2.
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AIS data includes data such as longitude, latitude, speed over ground
(SOG), rate of turn (ROT), course over ground (COG) and heading angle
(HDG). These are the data needed to initialize the training data. First, the
conversion process involved converting the geographic coordinates of
longitude and latitude in the World Geodetic 1984 (WGSB84) system into
the X and Y coordinates in the Universal Transverse Mercator (UTM)
coordinate system. Second, Mou et al. (2013) calculated the rudder angle
using AlS data. The rudder angle was calculated from ROT and HDG
using Nomoto's model and Ridge regression method. The Nomoto's
model can be expressed as Eq. (1).

Tr+r=K§ @

where 7~ is the yaw angular acceleration, and r is the yaw rate. & is the
rudder angle. T is the time constant, and K is the proportionality constant.

Finally, Inazu et al. (2020) described the velocity and direction vectors
of the ship. The surge and sway velocities are determined by SOG, COG
and HDG as expressed in Eqg. (2). The results of X and Y coordinates,
rudder angle, surge velocity and sway velocity are shown in Figs. 3-6,
respectively.
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The data measurement time in AIS data ranges from a few seconds to
several tens of seconds because it depends on the speed and course
alteration of a ship. Therefore, the linear interpolation method was
applied to interpolate the missing points based on the time variable. The
interval time selected for interpolation is 1 second to synchronize with
the interval time in the hydrodynamic coefficient estimation algorithm
and ship maneuvering simulation.

3. Methodology

3.1 Equation of Ship Maneuvering Motion

In ship maneuvering, the coordinate system fixed to the earth and the
fixed coordinate system of the hull are applied. The Earth-fixed
coordinate system (0,x,y,) has the origin as the position of the center of
gravity of a ship at time ¢,. The body-fixed coordinate system (Oxy) is
assumed to be at the midship. The x,-axis is set in the direction of the
initial course of the ship, the y,-axis points to the left, and the z,-axis
points up. While the x-axis points toward the bow, the y-axis points to
starboard, and the z-axis points downwards. The angles between the
directions of velocity v and the x-axis are defined as the drift angle 5.
The angles between the directions of the x,-axis and x-axis are defined
as the heading angles . The coordinate systems in ship maneuvering are
shown in Fig. 7.
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Fig. 7 Coordinate system in ship maneuvering

Abkowitz maneuver model in 3DOF is considered to describe the
forces and moment acting on the ship. These motions are expressed as
non-dimensional in Eq. (3).

(m' = X)W = fy
(m' = X'V + (m'x' = V') = 1, ®
(%' = V')0" + (', = NP = £

where the superscript represents non-dimensional variables; m’ is the
ship mass; x’;; is the longitudinal center of gravity in the body-fixed
coordinate system; I’ is the inertia moment about the z-axis; @', v’ and
7' are the accelerations in the x-axis, y-axis, and z-axis, respectively; X',
Y, Y., Ny, and N'; are the acceleration derivatives; f', and f', are
forces in the x-axis and y-axis, respectively, and f', is the moment about
the z-axis. These forces and moment are displayed as functions of the
kinematic parameters and rudder angle by applying the Taylor-series
expansion extended to a third-order function, as expressed in Eq. (4).
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where the non-dimensional variables are also defined as:
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3.2 Reconstruction of Ship Maneuvering Model

For the purpose of parameter identification, Eq. (3) is rewritten as Eq.
®). In Eq. (5), S = — ND(m' - ¥§) — (m'xg — ) (m'xf — Ny)
Euler’s stepping method was applied to calculate the value of the
function at each point using a finite difference approximation of the
derivative. h, k,and k + 1 are the sampling interval and the indices of the
two successive samplings, respectively. The acceleration terms of the
motion equation can be described as Eg. (6).

W = f /' = X})
o' = [0z = NDFS = (m'xs = YF1/S )
# = [ = Y ff = (m'xs = NF/S

u(k) = [u(k + 1) — u(k)]/h
v(k) = [v(k+1) —v()]/h ©)
(k) = [r(k + 1) = r(k)]/h

By combining Egs. (5) and (6), the symbol vectors can be expressed
as Eq. (7). Symbol vectors include variable vectors of X, Y, and Z, and
coefficient vectors of A, B, and C. Variable vectors X, Y, and Z are the
non-dimensional hydrodynamic derivatives of surge, sway, and yaw
motions, respectively. The coefficient and variable vectors are expressed
as Eq. (8) and Eq. (9), respectively.

Au(k + 1) — Au(k) = AX
Av(k + 1) — Av(k) = BY ©)
Ar(k+1) —Ar(k) = CZ
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AS()U2 (), A3 (k) U (), bu(k)AS (k) U (k),
AMu?(K)AS(k), Av(k)AS? (k)U (k), Av?(k)AS (k),
U2 (k), Au(k)U (k), Au? (k)] Tsxq
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For example, the longitudinal hydrodynamic coefficient X;, is defined
using Eq. (10). This equation was also applied to determine the other
hydrodynamic coefficients of the surge equation.

h _al(m' - X))

g =—X, =X, =
T L - x) u h

(10)

The same method is used to estimate the hydrodynamic coefficients of
sway and yaw equations. A series of equations and matrices need to be
solved to determine the hydrodynamic coefficients of sway and yaw. For
example, the hydrodynamic coefficients Y, and N, are obtained by
solving Eq. (11). The other hydrodynamic coefficients of the sway and
yaw equation are also obtained similarly.

h(I; — N;) _h(m'x; —¥;)
SL SL Yv’] _ bl]

h(m'x; — N}) h(m' —Y;) [Né " e (1)
SL2 SL2

The five acceleration derivatives X, , Y, ¥/, N;, and N/ of the
KVLCC?2 are well documented in the literature and are used widely as
benchmark values for estimating the hydrodynamic coefficients of other
ships of the same type and size ratio (Ho et al., 2021). This study assumed
five derivatives of the acceleration of KVLCC2 to estimate the
hydrodynamic coefficients of the Silverway ship. The values of these
coefficients were: X}, = —0.001135, ¥; = —0.014508, ¥{ = —0.001209,
N; = —0.000588,and N, = —0.000564.

3.3 Support Vector Regression
SVR has a general approximation function for a multi-input/single-
output (MISO) system:

fx) =wid(x) +b 12)
(x; € RM, d(x;) € RY, w € RY)

where £ (x;) is the scalar output; w is the weight matrix; b is the bias; x;
is the input vector; R™ is the n-dimensional feature space, and ®(x;) isa
linear or non-linear and refers to the high-dimensional feature space
RN (N >» M). In SVR, the regression issue is viewed as an optimization
problem in the primal formula subject to an objective function and
constraint formula, as expressed in Egs. (13) and (14), respectively.

1 N
SO0 6060) = gwTw+C ) 6+ €0) (13)
yi— Wid(x) +b]l<e+§& Vi (14)
[wrd(x)+b]—y; <e+é& Vi

.60 =20 Vi

where C is called the regularization parameter. This parameter is always
positive, which is designed to control the trade-off between empirical
error and model complexity. & and £* are the slack variables. It defines
the upper limit of regression errors until the constraints are still satisfied.
In Eq. (14), y and ¢ are the desired output and an insensitivity factor,
respectively. The loss quantification is determined by the distance
between the boundary € and the observed value y shown in Eq. (15).

Lg={ 0 flf-yl<e

If(x) —y| — ¢ otherwise (15)

By using the Karush-Kuhn-Tucker (KKT) theorem and Lagrange dual
formulation, Lagrange multiples «,, and «;, are included for each
observation @(x,,). This can obtain the dual formula Eq. (16) such that it
is minimized and subject to the constraint formula Eq. (17).

N N
1

Qwa) =3 > (@~ ai)(e ~ a))e" ) ()

e N N (16)

+e ) (ai+a))— ) yile;—a;)
2t D=2,

N
Z(ai —a)=0 17)

i=1
0<a;<C Vi
0<af <C Vi

The optimal hyperplane can be obtained as Eq. (18) to predict new
values depending only on the support vectors:

f(x]-) = Z(ai - a{‘)[‘DT(xi)CD(xj)] +b (18)

The w and b parameters can be described entirely as a linear
combination using a linear kernel:

N
w= Z(ai —a))xl (19

N

b=y, - Z(al —ap)xlx, — esign(a, — af) (20)

=1

where the dash on top of Eq. (20) and N refer to the mean value and the
total number of support vectors.

4. Result

4.1 Algorithm Validation

Validating the accuracy and performance of the SVR algorithm is
done by estimating the hydrodynamic coefficients of the Mariner class
vessel. Fossen (1994) described these coefficients in the Abkowitz model.
These coefficients were applied to simulate the turning circle test at a
rudder angle of 10°. The simulation results were used as training data for
the SVR model. Luo and Zou (2009) and Luo (2016) referred to the
multicollinearity and parameter drift phenomenon. The hydrodynamic
coefficients may be inaccurate or worse, even if the simulation results
match well with the target results. A proposed solution to reduce these
two phenomena is to add Gaussian noise to the training data. Applying
the SVR algorithm and Gaussian noise, the hydrodynamic coefficients
are estimated and compared with the original hydrodynamic coefficients.
The ship parameters and simulated conditions are described in Table 2.
The results of hydrodynamic coefficients are shown in Tables 3-5.

The turning circle test was simulated from the estimated
hydrodynamic coefficients and compared with the original simulation
results in Fig. 8. The deviations between the estimated hydrodynamic
coefficients and the original hydrodynamic coefficients are very low.
Therefore, they matched the training data and the regression model well.
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In addition, the SVR algorithm is well-validated. In addition, the SVR

Table 5 Hydrodynamic coefficients for the yaw equation (Mariner class

algorithm is well-validated. Of the 40 hydrodynamic coefficients for the vessel)
surge, sway and yaw equation, the Y,ss, Youu Nuww, Nivs @Nd Ny Hydrodynamic ~ Original Estimated  Deviation (%)
coefficients were 10% higher. Although this difference was relatively v 2 64E-03 2 65E-03 038
large, the values of these coefficients were small so they are acceptable. v e e '
N, —1.66E-03 —-1.67E-03 0.60
Table 2 Parameters and test condition of the Mariner class vessel N'ypy 1.64E-02 1.82E-02 10.98
Item Symbol  Value N'yor —5.48E-02 -5.37E-02 —2.01
Length between perpendiculars (m) Lpo 160.93 N’y —2.64E-03 —2.50E-03 -5.30
Design speed (m/s) Us 7.97 N'vy -1.66E-03 -1.59E-03 -4.22
Non-dimensional mass of ship (-) m’ 798E-05 N's -1.39E-03 -1.39E-03 0.00
Non-dimensional moment of inertia (-) 1, 39.2E-05 N'sss 4.50E-04 4.50E-04 0.00
Non-dimensional longitudinal coordinate of xg' -0.023 N'ys —2.78E-03 —2.74E-03 -1.44
Maximum rudder angle (9 - 10 N'uus -1.39E-03 -1.31E-03 -5.76
Turning rate of rudder (9s) - 5 N'yss 1.30E-04 1.20E-04 -7.69
Total simulation time (S) - 1000 N'yps —4.89E-03 -4.36E-03 -10.84
N’y 3.00E-05 3.00E-05 0.00
Table 3 Hydrodynamic coefficients for the surge equation (Mariner class N'oy 6.00E-05 5.00E-05 -16.67
vessel) N oy 3.00E-05 3.00E-05 0.00
Hydrodynamic Original Estimated Deviation (%)
8.0 0.8
X' — - _ g ] =
u 1.84E-03 1.84E-03 0.00 ] L 2;:?;1;:113.1
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X' 7.98E-03 7.98E-03 0.00 0 200 400 600 800 100t 1] 200 400 600 800 100
v . - . = . Time [s] Time [s]
X'ys 9.30E-04 9.30E-04 0.00 (a) Surge velocity (b) Sway velocity
X' s 9.30E-04 9.30E-04 0.00 02 o
’ Original Original
- - - Estimated - - - Estimated
Table 4 Hydrodynamic coefficients for the sway equation (Mariner class N e B A E-,‘"’"
vessel) 02 sa0 | NG
Hydrodynamic Original Estimated Deviation (%) % 0al i_m LN
v, ~116E-02  -1.16E-02 0.00 £ 3 j
T :
Y, —499E-03  -4.98E-03 -0.20 bl I R A N
Yo —8.08E-02 —8.23E-02 1.86 038 ; -500 i
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Y's 2.78E-03 2.78E-03 0.00 - - - Est?maled
Y555 -9.00E-04  -9.00E-04 0.00 w00
Y'us 5.56E-03 5.53E-03 -0.54 T
Y yus 2.78E-03 2.71E-03 —252 *
o
Y'oss —4.00E-05  —3.00E-05 -25.00
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Fig. 8 Comparison of the simulation motions (Mariner class vessel)
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4.2 Hydrodynamic Coefficients of Silverway Ship in AIS Data

After validating the SVR algorithm, the hydrodynamic coefficients of
the Silverway ship in AIS data are estimated. In this case, Gaussian noise
is not considered because Luo (2016) suggested that this method is
unsuitable for AIS data. Ship parameters and simulated conditions are
shown in Table 6. This simulation condition is established based on the
calculation results of the rudder angle from the AIS data. The time
required for the rudder angle to change from 0°to approximately 10°was
approximately 163 seconds. Therefore, the maximum rudder angle
derivative is defined as 0.06s.
The result of the hydrodynamic coefficients for the surge, sway and yaw
equations are shown in Tables 7 and 8. AIS data typically represents real-
world ship movements and provides a reference for evaluating the

Table 6 Parameters and test condition of Silverway

Item Symbol Value
Length (m) L 277
Design speed (m/s) U, 4.68
Non-dimensional mass of ship (-) m’ 1.68E-02
Non-dimensional moment of inertia (-) L' 9.65E-14
Non-dimensional longitudinal coordinate of xg' -0.035
Maximum rudder angle (9 - 10
Turning rate of rudder (9s) - 0.06
Total simulation time (s) - 700

Table 7 Hydrodynamic coefficients for surge equation (Silverway)

Hydrodynamic ~ Estimated Hydrodynamic Estimated
Xy -1.01E-03 X'5s -2.95E-03

X' 1.87E-03 X'uss -1.10E-04

X v ~5.00E-04 X' 6.45E-03
X'y —2.47E-02 X'vs -8.09E-03

X'\ 8.30E-04 X'uvs —3.87E-03

Table 8 Hydrodynamic coefficients for the sway and yaw equation

(Silverway)

Hydrodynamic ~ Estimated Hydrodynamic Estimated
Y, ~9.40E-04 N, ~5.00E-04
Y', 7.50E-04 N', —1.40E-04

Y ou -8.00E-04 N'ypy 4.40E-04
- 8.40E-04 N'yyr —2.50E-04
Y o 3.20E-03 N, 1.00E-05
Y —2.85E-03 Ny —1.90E-04
Y's 6.20E-04 N's 1.00E-05
Y'sss 7.00E-05 N'sss 5.00E-05
Y'us 1.09E-03 N'ys —1.60E-04
Y'us —5.00E-05 N'yus —1.20E-04
Y55 9.00E-05 N'ys5 1.30E-04
Yis —6.00E-05 N'yps 2.60E-04
Y’y —6.28E-03 N’y —2.30E-04
You —6.33E-03 Ny —1.50E-04
Y ouu —3.36E-03 Ny —4.00E-05

accuracy and validity of the simulation results. When comparing the
simulation results with AIS data, the goal was that the simulated
trajectories closely match the observed ship movements. Therefore, the
turning circle test was simulated from estimated hydrodynamic
coefficients and compared with the AIS data in Fig. 9. Generally, the
simulation results from the estimated hydrodynamic coefficients were in
good agreement with the AIS data. Therefore, the estimated
hydrodynamic coefficients are reliable. Moreover, the SVR algorithm is
also successfully applied to AlS data.
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Fig. 9 Comparison of the simulation motions (Silverway)

5. Conclusions

In conclusion, this study aimed to estimate the hydrodynamic
coefficients of Silverway ship in AlS data using the Linear SVR model.
The study used the simulation results of the maneuvers of the Mariner
class vessel to validate the accuracy and suitability of the estimated
hydrodynamic coefficients.

First, the collection and conversion of AIS data into a usable form have
been successfully accomplished for the purpose of hydrodynamic
coefficient estimation. The transformed AIS data provides valuable
information on vessel identification, position, speed, and course, which
is essential for further analysis and modeling in ship maneuvering studies.

Secondly, the SVR algorithm is validated by estimating hydrodynamic
coefficients using the Mariner class vessel simulation results. When
applying the method of adding Gaussian noise to reduce the
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multicollinearity and parameter drift phenomena, the estimated
hydrodynamic coefficients matched well with the original coefficients.
This demonstrated the accuracy and efficiency of the SVR algorithm. In
addition, it confirmed the suitability of adding Gaussian noise to the
results of ship maneuvering simulations.

Finally, the hydrodynamic coefficients of Silverway ship in AIS data
were estimated using the validated SVR algorithm. The results show that
the estimated hydrodynamic coefficients and the simulated movements
are in good agreement with the AIS data. Therefore, itis possible to apply
the SVR model to AIS data.
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