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There are many aspects to analyze seakeeping performance, one of which is the ship's vertical motion.
As well-known, vertical motion and its derivatives, vertical velocity and acceleration, will be related to
other aspects of seakeeping performance, such as slamming, deck wetness, and MSI. This study
discusses optimizing the hull shape with small vertical motion using the Response Surface Methods
(RSM). This research aims to minimize the ship's vertical motion so that the ship's performance is better
than the initial one. Besides, this research was conducted to apply the RSM in the naval architecture
field. The hull's shape used in this study is Series 60 hull form with a length of 31 m. The variables used
for the optimization process are the ratio of L/B (XI) and B/T (X2) in the range of ± 10% with fixed
displacement. Seakeeping analysis was carried out at a speed of 6.78 knots (Fr 0.2), a heading angle of
180°, and a significant wave height of 0.77 meters. The results show that the optimum model is found
in Model 9 where the value of XI = -2.94 or L/B = 6.71 and X2 = 5 or B/T = 2.75. Model 9 can reduce the
vertical motion of the ship by 16.38%.
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1. Introduction

The prediction of ship motion has become one of the most popular topics studied by naval architects. The ship cruising
in waves will increase the resistance, which leads to an increase in fuel consumption. Several researchers conducted this
analysis for economic purposes (to reduce additional ship resistance). An added resistance study was carried out on the
container ship (KRISO)fl ], catamaran [2], and trimaran [3], Some of them use the Artificial Neural Network (ANN) method
[4], 2.5 D Method [5], and Rankine-Panel Method [6], Some researchers also discuss the uncertainty in calculating the added
resistance in short regular waves [7],

Other researchers conducted a seakeeping analysis to consider the comfort and safety of passengers on board. Among
them is the Motion Sickness Incident (MSI) analysis, a study that discusses the percentage of passengers who will get seasick
when boarding a ship. MSI arises due to the ship's vertical movement caused by a combination of ship heaving and pitching.
Several studies were carried out for passenger ships [8], catamaran [9], and fast vessels [10],

Apart from MSI, the vertical motion of ships also causes slamming and deck wetness phenomena. Slamming is the
phenomenon of lifting the ship's bow from the surface of the sea level. Meanwhile, Deck Wetness (green water) occurs when
the ship's deck enters the water's surface. These phenomena will make passengers uncomfortable if this phenomenon occurs
continuously throughout the voyage with high intensity.

Research on slamming for trimaran ships with different conditions has been carried out by [11]. Some researchers use
the SPH (Smoothed Particle Hydrodynamics) method [12], Some researchers study slamming for the ship's bow structure
using the Finite Element Method (FEM) [13], Furthermore, the research for deck wetness was carried out by [14] and [15],

Due to the many aspects studied on seakeeping performance, some researchers use optimization tools to get the best
hull shape. Among them are using Nondominated Sorting Genetic Algorithm II (NSGA II) to optimize trimaran ship outriggers
to minimize heaving, pitching, and rolling motions [16], Some researchers use the Genetic Algorithm (GA) to optimize the
Passive Anti-Roll Tank to minimize the ship's rolling motion [17] and to minimize vertical motion of the Wigley and S60 hull
forms [18], The Multi-Objective Genetic Algorithm (MOGA) method is also used to obtain the best hull shape of fishing vessels
by minimizing the vessel's seakeeping response [19], Besides, there are also hull parametric studies to get the best shape of
the ship, which has the best seakeeping performance [20],
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As described above, many studies have been conducted on optimizing the hull shape related to seakeeping using
Genetic Algorithm (GA). However, in this study, the authors used the Response Surface Method (RSM) as an optimization
method. RSM is a convenient and economical optimization technique widely used to evaluate an experiment's variables that
result in one or more responses [21],

Design Of Experiments (DoE) based on RSM does not require much trial/testing [22], The results of the DoE are then
made a mathematical model in the linear and quadratic form to get the maximum/minimum results. Several researchers
have used this method to optimize several research variables. Among them are in the field of structure [23], [24], in the
mechanical engineering field [25], [26], and very rarely used in the field of naval architecture as was done by [27] [28],

This research aims to minimize vertical motion so that the ship's performance is better than the initial one and also to
apply RSM in the naval architecture field as a hull shape optimization tool. Passenger comfort can be increased by minimizing
the ship's response to waves, such as movement, velocity, and acceleration response. Therefore, this optimization's objective
function is to minimize the ship's vertical motion by varying the two main size ratio variables of the ship, namely XI (L/B)
and X2 (B/T).

2. Methods

The object of this research is the Series 60 (S60) ship. This ship hull form has been widely studied by other researchers
at various scales, including research on seakeeping [29], [18], ship propulsion [30], catamaran resistance [31], Optimization
of ship hydrodynamic performance in shallow waters [32], The main dimension is shown in Table 1, while the 3D model of
this ship is shown in Figure 1.

Table 1. Main Dimenison of Ship
Dimension Value (m)
Lwl 30.976 m

4.343 m
1.737 m
184.358 m2
163.9 ton
159.911 m3
0.684

B
T
Wetted Area
Displacement
Volume (displaced)
CB

L/B 7.13

B/T 2.50

3
Figure 1. 3D Model of S60 Hull Form

The research begins with analyzing the ship motion response to regular waves described in the RAO (Response
Amplitude Operator). The method for calculating the RAO value in this study uses Strip Theory at Fr 0.2 and a heading angle
of 180°. For translational motion, RAO is a direct comparison between the amplitude of the ship's motion and the wave
amplitude, both in length units (Equation 1). Meanwhile, RAO for rotational motion is the ratio between the amplitude of
the ship's rotation motion (in radians) to the wave's slope (Equation 2).

(1)

(2)

The combination of heaving and pitching motion is used to determine vertical ship motion response at point FP. This
response is expressed in RAO vertical motion at point FP ( ), which is the ratio between vertical motion with wave
height at point CG. This Vertical Motion is called Absolute Vertical Motion, as shown in Equation 3.

(3)

Equation 4 is used to find the vertical motion at the point FP. Z is the response of the ship's heaving motion (m), is the
distance between CG to the point FP (m), is the response of the ship's pitching motion (rad). Illustration of vertical motion
at point FP is shown in Figure 2.
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Figure 2. Illustration of Absolute Vertical Motion in FP

Furthermore, to describe the ship's response in random waves, it is necessary to analyze the response spectrum of ship
motion, stated in Equation 5. This study's wave spectrum is Bretschneider with one parameter: the significant wave height
parameter (Hs) (Equation 6). The significant wave height (Hs) used was 0.77 m. The RMS value of the ship's vertical motion
(RMS VM) is expressed in Equation 7 with the value n = 0.

(5)

(6)

(7)

The RSM optimization process is carried out in 3 stages: 1) Order I, 2) Steepest Descent, and 3) Order II. Experimental
design for first and third stage using CCD (Central Composite Design) with two factors/variables, namely L/B (XI) and B/T
(X2). The minimum and maximum limits of the two variables are determined before the stage is carried out. This first stage
produces a linear equation as in Equation 8.

(8)

Next, the second stage is of Steepest Descent (or Ascent). This stage provides movement in a specific direction, which
can be increased to a minimum or maximum value. Researchers utilize information from mathematical models (Equation 8)
to describe specific responses instead of relying on intuition or guessing what experimental conditions should be done next.
The response surface method (RSM) combined with the Steepest Descent approach is an excellent technique for optimizing
response. This has been successfully demonstrated by [33],

Based on Equation 8, the trend of response results will be linear. However, if the trend of the experimental results
proves that there is a turning point (the trend will be non-linear), then the next step is Stage 3 (Order II), as done by [27] and
[28], The turning point of XI and X2 results from Steepest Descent became the initial models in Stage 3. Same with Stage 1,
the minimum and maximum limits of XI and X2 of Stage 3 are predetermined.

In this research, the target achieved is to find XI and X2, which produce a minimum vertical ship motion point. The
limits of XI and X2 for all stages are determined not to exceed ± 10% of the initial conditions to obtain a feasible hull shape.
The conditions for changing the L/B and B/T variables were carried out with fixed displacement. This condition is done to
make the response of the ship's vertical motion unaffected by ship displacement.
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3. Results and Discussion

3.1. Order I

The Design of Experiment based on the Center Composite Design in stage 1 is shown in Table 3. At this stage, the
maximum and minimum values of the two variables are determined to be ± 2% so that if there is a development of variable
towards the optimum point, it does not exceed ± 10%, as shown in Table 2. The initial variable value is coded 0, the maximum
value is coded 1, while the minimum value is coded -1.

Table 2. Codification of Maximum and Minimum Values in Order I
Code -1 0 1
XI (L/B) 6.99 7.13 7.28
X2 (B/T) 2,45 2,50 2,55

Each experiment resulted in 1 different ship model. Furthermore, each model has analyzed its motion response
according to the conditions mentioned in the methods chapter. The vertical motion response results from the five models
(Table 3) are regressed to produce a linear function containing the variables XI and X2, as shown in Equation 9. This equation
has a value of R2 = 0.997, where this value can be considered valid enough to be used.

Table 3. Design of Experiment Orde 1 and Its Responses (RMS Vertical Motion)
Model Code RMS Vertical

Motion (m)
Parameters

X2_L/BXI ML
Initial 0 0 7.13 2.50 0.354

7.28 2.55 0.350
7.28 2.45 0.368
6.99 2.55 0.341
6.99 2.45 0.357

1 1 1
2 1 -1
3 -1 1
4 -1 -1

(9)

3.2. Steepest Descent

This process serves to determine the turning point of the vertical motion, which continues to fall and is no longer
following the prediction from Equation 9. The turning point is an indication that the response trend is non-linear. If a turning
point is found, the second-order stage can be continued where at this stage, the resulting regression is a quadratic function.
The minimum point position can easily be determined by satisfying the condition where the first derivative of the function
VM for XI and X2 is zero, respectively.

Based on each factor's coefficient in the Order I model (Equation 9), the difference in coefficient change ( Xn) is
calculated to carry out the steepest descent process. The largest regression coefficient in Equation 9 is chosen as the basis
value. As mentioned in [33] and [34], the coefficient value used as the basis is chosen based on the highest value.

Based on Equation 9, the largest coefficient is in X2, which is 0.0085. Using the X2 coefficient as the basis, Equations 10
and 11 are obtained. Furthermore, the steepest descent process and the vertical motion response results are shown in Table
4 and Figure 3.

(10)

(11)

Table 4. Steepest Descent and Its Responses (RMS Vertical Motion)

Model RMS Vertical
Motion (m)

Code Parameters
XI X2_L/B B/T

Initial 0 0 7.13 2.50 0.354
7.05 2.55 0.343
6.96 2.60 0.331
6.88 2.65 0.318
6.80 2.70 0.307

0.296

5 -0.5882 1
-1.1764 2
-1.7646 3
-2.3528 4
-2.9410 5

6
7
8
9 6.71 2.75
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Figure 3. Steepest Descent Results

Table 4 illustrates that each change in X2 is 1 ( X2 = 1), then the change in XI is -0.5882 ( XI = -0.5882). Experiments
were carried out until Model 9, where the B/T value had reached the maximum limit of 10%, namely 2.75. However, there is
no turning point in this condition, which indicates that the tendency of the ship's vertical response, in this case, is linear.
Therefore, the Second Order Phase did not need to be continued.

3.3. Optimum Model

Based on Table 4 and Figure 3, the optimal conditions are found in Model 9, where XI = -2.941 or L/B = 6.71 and X2 = 5
or B/T = 2.75. Comparison of the Main Dimension of the Initial Model and Model 9 is presented in Table 5. The L/B value
decreased by almost 6%, while the B/T value increased by 10%. The optimal model reduces the ship's length like L/B reduction
in percentage and reduces the vessel draught by more than 9%. In order to get the same displacement, the CB value has
increased by almost 17%. The visual comparison of the shape of the ship is shown in Figure 4.

Table 5. Comparison of the Main Dimension of the Ship
DifferenceDimension Value

Initial Model Model 9 (Optimal) (%)
Lwl (m)
B (m)
T(m)
Wetted Area (m2)
Displacement (ton)
Volume (displaced) (m3) 159.911

0.684

30.976
4.343
1.737
184.358
163.9

29.154
4.343
1.579
182.427
163.8
159.843

-5.88
0.00
-9.10
-1.05
-0.06
-0.04
16.96
-5.89
10.00

CB(-) 0.80
L/B (-) 7.13 6.71
B/T (-) 2.50 2.75

/,
;

AM\

X

y
;

X

Figure 4.Comparison of the Hull Model Front View (a) and Top View (b)
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This optimal model is in line with [18] that the optimal shape of S60 in reducing vertical motion with the Genetic
Algorithm (GA) method reduces the length of the ship. Besides, the ship's vertical motion can also be reduced due to the
increase in B/T and CB values, according to [35], Comparing the RAO motion of Heaving, Pitching, and RAO of Vertical Motion
is shown in Figure 5, Figure 6, and Figure 7.

Following Equation 4, the value of vertical motion is the sum of the heaving and pitching motions. If these two values
are small, then the value for vertical motion will also be small. Figure 5 shows the RAO curve of the ship heaving motion. It
can be seen that the peak RAO heaving of Model 9 is reduced by 29.36% from the initial 1.61 at 1.88 rad/s to 1.14 at 1.91 rad/s.
Figure 6 shows the RAO Pitching comparison, where the optimal model RAO peak is reduced by 14.57% from 1.23 at 1.67

rad/s to 1.05 at 1.40 rad/s. As shown in both figures, Model 9 reduces both the RAO peak of Heaving and Pithing motion,
minimizing the ship's vertical motion, as shown in Figure 7.

1.8

1.6_
1.4

>1.2
1

1

0.8
x
O 0.6

“ 0.4

0.2

0
0 1 2 3 4 5

Encounter Frequency (Rad/s)

-Initial Model -Model 9 (Optimum)

Figure 5. Heaving RAO
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Figure 7. RAO of Vertical Motion at FP

Figure 7 depicts the RAO of vertical motion in FP. RAO peak of Model 9 decreased by 22.60% from 3.93 at 1.25 rad/s to
3.04 at 1.31 rad/s. However, by using GA optimization, the RAO peak of S60 Vertical Hull Motion was reduced by 27% [18],
This difference is due to the different optimization methods used. Also, the point used in [18] is 0.15 LPP behind FP (not
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precisely at the FP point as in this study). So that, the distance between the point of observation and CG ( ), as shown in
Equation 4, is also reduced.

However, this research proves that apart from the Genetic Algorithm method, RSM optimization can be used well in
optimizing the ship's main dimension, in this case, the ratio of L/B and B/T, to produce a minimum vertical motion of the
ship.

4. Conclusion

Based on this research, the optimum model is found in Model 9 where the value of XI = -2.94 or L/B = 6.71 and X2 = 5
or B/T = 2.75. Model 9 can reduce the vertical motion of the ship by up to 16.38%. This research proves that the RSM
optimization can be used properly and is quite powerful in optimizing the ship's main dimension to produce minimum
vertical motion.
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