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Sea transportation is the vehicle which dominant and vital in the world. The increasing number of ships, types, and 
uncertain climate change have caused many ship accidents that have caused loss of life and property. The 
International Maritime Organization (IMO) issued the latest regulation on the second generation of ship stability 
criteria based on the dynamic of ship roll motions. The survival of dynamic stability depends on the hydrodynamic 
coefficients, which numerical and experimental calculations can obtain. The problem is finding the hydrodynamic 
coefficients of the ship roll quickly and accurately from the experimental roll decay data. This paper uses the 
Generalized Reduced Gradient (GRG) optimization to find the roll motion coefficient with the objective function of a 
standard deviation. The results show that the roll decay experiment graph is close optimization for variations of the 
minimum standard deviation used: all data, maximum-minimum amplitude, maximum amplitude, and minimum 
amplitude. The most similar chart to the experiment is optimization using a standard deviation of maximum-minimum 
amplitude with the optimal objective function σ = 1.006776 closest σ=1; obtained variable 𝑥𝑥1 = 𝑘𝑘44 =0.1087688 m; 
𝑥𝑥2 = 𝐵𝐵44 =3.00306E-05 m-ton-sec. Based on sensitivity tests for various scenarios, optimization with a standard 
deviation of maximum amplitude has a high sensitivity, so it is necessary to avoid or be careful in its use. Generally, 
the GRG optimization method has the advantage of finding the hydrodynamic roll coefficient quickly and accurately. 

Keywords: ship, roll decay, hydrodynamic coefficients, optimization  

1 INTRODUCTION   

Sea transportation is an essential part of human life and domination almost 80% of the transportation modes in the 
world, especially in global trade and business, according to the United Nations Conference on Trade and 
Development (UNCTAD) [1]. The ship is the central part of the sea transportation mode that can move > 10 billion 
tons of containers, tangible goods, and liquid goods from one port to another regularly around the world [2]. The 
increasing world business system and the wide of marine exploration require many ships of various types and sizes; 
the negative effect of this situation causes a high risk of accidents at sea [3]. Cargo ships dominate accidents 
worldwide, but RoPax is the most significant loss of life that RoPax can transport goods, vehicles, and people 
simultaneously. These accidents often occur in developing countries such as Bangladesh, the Philippines, and 
Indonesia [4], [5]. The causes of accidents can come from one or a combination, and the reasons can be: human 
error, ship worthiness, and lousy weather [6]. Ship stability is one of the most frequent internal ship problems that 
can cause ships to capsize and sink on seabed [7].  
IMO as a world body dealing with maritime issues, it is concerned about safety issues [8]. Ship stability is one of the 
essential components of safety that should be met before and when the ship operates at sea [9]. To ensure the safe 
stability of vessels, IMO makes general and specific stability criteria based on the type of ship [10]. This IMO stability 
criterion adopts Rahola's study using the energy balance moment of the ship righting arm principle and comparing 
this principle with statistical data of ships that survive and capsize so that the standard criteria are obtainable [11] 
[12]. The IMO criteria were developed not only for calm weather conditions but expanded for terrible weather 
conditions with the introduction of the weather criteria [13]. Subsequent developments issued particular stability 
criteria based on the types of new ships that are increasingly varied [14] [15]. The ship capsizing process occurs not 
only under static but also on dynamic conditions [16]. Considering these conditions, IMO introduced the Second 
Generation Intact Stability (SGIS) associated with the movement: surf riding/broaching, parametric rolling dan dead 
ship [17]. After going through a lengthy study, mathematical development, and experimentation, the SGIS was 
finalized for implementation in the seventh session of the International Maritime Organization (IMO) sub-committee 
on Ship Design and Construction (SDC) [18].  
In dynamic conditions, the most dominant is the roll motion of the ship, which can cause the vessel to capsize [19]. 
The hydrodynamic coefficients of the ship strongly influence the roll motion: inertia moment, damping moment, 
restoring moment, and excitation moment [20]. The roll motion coefficients are obtainable using numerical 
calculations and roll decay experiments in the laboratory [21][22]. The procedure for obtaining accurate hydrodynamic 
coefficients is with the roll decay experiment contained in the manual ITTC 7.5-02-07-04.1 [23]. The reduction in data 
record results of the roll decay experiment obtains hydrodynamic coefficients conventionally by using the functions: 
roll period, ship MG, and ship displacement. The damping moment can be obtained by looking for the trend line 
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between the rolling amplitude of each roll movement and the decrease in the amplitude of each ship movement [24] 
[25]. This conventional method is less than optimal and effective for approaching a motion that rolls with infinite 
amplitudes. 
The optimization method is reliable for finding the optimal value of a predetermined function and is applicable in 
various engineering fields [26]. Generally, two approaches to linear and nonlinear optimization methods were 
practical for dynamic motion trajectories [27]. The nonlinear GRG optimization is used in this paper because this 
technique is relatively more straightforward compared to other conventional methods. It is excel-based that requires 
a short time and few inputs to optimize a design to obtain the minimum construction cost [28] [29]. The method can 
also find the optimum value quickly but accurately with predetermined limits. Before calculating the optimization, it is 
necessary to determine the objective functions, variables, constraints, parameters, and constants [30]. In this paper, 
the objective functions use the standard deviation of the difference between experimental results and calculations. 
The variables are the arms of the roll moment of inertia and the damping moment. The limitation of the parameters 
is displacement and MG of the ship, while the constants used are gravity acceleration and the density of water. The 
equation used is duffing equation for uncoupled motion converted into an analytical trigonometric-exponential 
equation. 

2 MATHEMATICAL MODELING 

2.1 Mathematical model of motion equation and coefficient motion roll  

A floating body motion naturally occurs in six degrees of freedom consisting of three translational motions (sway, 
heave, surge) and three rotational oscillatory (roll, pitch, yaw) [31]. Ship stability is a part of the roll motion which 
occurs in the couple and uncoupled motion. The roll motion of the uncouple vessel is a derivation from Newton's 2nd 
law of translational motion force, which change in rotational motion [32]. The restoring moment is added to 
accommodate oscillatory motion. Furthermore, the damping moment must be taken to reduce oscillatory motion. The 
excitation moment represents the oscillatory in regular and irregular waves [33]. The uncoupled equation roll motion 
of a periodic wave is as follows:        

𝐼𝐼44𝜙̈𝜙 + 𝐵𝐵44𝜙̇𝜙 + 𝐶𝐶44𝜙𝜙 = 𝑀𝑀44𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝜔𝜔) (1) 

The description of the above equation (1) is as follows: 𝐼𝐼44= inertia and added moment of ship weight; 𝐼𝐼44 =
𝐼𝐼𝑥𝑥𝑥𝑥 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥𝑥𝑥

′ ; 𝐼𝐼𝑥𝑥𝑥𝑥= moment of ship weight; 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥𝑥𝑥
′ = added moment of water; 𝜙̈𝜙= roll acceleration motion; 𝐵𝐵44= 

damping moment; 𝐶𝐶44= restoring moment of the ship; 𝜙̈𝜙= roll accelerated motion;  𝜙̇𝜙= roll velocity motion; 𝜙𝜙= roll 
motion; 𝑀𝑀44 = excitation moment of the waves; 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝜔𝜔) = wave oscillatory on the regular waves. Both 𝐼𝐼44 and 𝐵𝐵44, 
are the roll motion coefficients from the roll decay experiment [34] [35]. Roll decay is ship motion without excitation 
moment which 𝑀𝑀44 = 0 and 𝜙𝜙0= initial roll decay angle, so the equation (1) is solved as exponential function equation 
(2) (3) (4) as follows: 

𝜙𝜙 = 𝑒𝑒𝑣𝑣𝑣𝑣  �𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶(𝜔𝜔𝑑𝑑𝑡𝑡) + 𝐷𝐷 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝑑𝑑𝑡𝑡)� (2) 

𝜙𝜙 = 𝑒𝑒
𝐵𝐵44
2∙𝐼𝐼44

𝑡𝑡
 �𝜙𝜙0 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶(𝜔𝜔𝑑𝑑𝑡𝑡) +

𝐶𝐶 ∙ 𝑣𝑣
𝜔𝜔𝑑𝑑

∙ 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝑑𝑑𝑡𝑡)� (3) 

𝜙𝜙 = 𝑒𝑒
𝐵𝐵44
2∙𝐼𝐼44

𝑡𝑡
 

⎝

⎜
⎛
𝜙𝜙0 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶(𝜔𝜔𝑑𝑑𝑡𝑡) +

𝜙𝜙 0 ∙
𝐵𝐵44

2 ∙ 𝐼𝐼44
𝜔𝜔𝑑𝑑

∙ 𝑆𝑆𝑆𝑆𝑆𝑆(𝜔𝜔𝑑𝑑𝑡𝑡)

⎠

⎟
⎞

 (4) 

Correlation of the damped roll frequency (𝜔𝜔𝑑𝑑), encountering frequency (𝜔𝜔𝜙𝜙) and inertia moment (𝐼𝐼44) is formulated 
as the function of the ship metacenter (𝐺𝐺𝐺𝐺�����𝑇𝑇), gravity acceleration (𝑔𝑔), ship displacement (∆), and gyration radius of 
inertia moment (𝑘𝑘𝑥𝑥𝑥𝑥) which is formulated as follows [34] [35]:  

𝜔𝜔𝑑𝑑 = �𝜔𝜔𝜙𝜙
2 − 𝑣𝑣2 ;   𝜔𝜔𝜙𝜙 = �

∆𝑔𝑔𝐺𝐺𝐺𝐺�����𝑇𝑇
𝐼𝐼44

;    𝐼𝐼44 = 1.2∆𝑘𝑘𝑥𝑥𝑥𝑥2  ;   (5) 

2.2 Mathematical model of optimization  

Optimization is a mathematical method or program to find the best solution: the value sought is called the variables, 
the value to be optimized (maximum or minimum) is called the objective function, and the optimization must fulfill 
constraints [27]. The objective function can use a single objective or multiple objectives, and the formula is as follows: 
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Minimum or Maximum  𝑓𝑓(𝑥⃗𝑥) ∶= [𝑓𝑓1(𝑥⃗𝑥), 𝑓𝑓2(𝑥⃗𝑥), … , 𝑓𝑓𝑘𝑘(𝑥⃗𝑥)  ] (7) 

Subject to:  

𝑔𝑔𝑖𝑖(𝑥⃗𝑥)  ≤ 0      𝑖𝑖 = 1,2, … ,𝑚𝑚  (8) 

ℎ𝑖𝑖(𝑥⃗𝑥)  ≤ 0      𝑖𝑖 = 1,2, … ,𝑚𝑚  (9) 

Where 𝑥⃗𝑥 = [𝑥⃗𝑥1, 𝑥⃗𝑥2, … , 𝑥⃗𝑥𝑛𝑛  ]𝑇𝑇 are vector variables; 𝑓𝑓𝑖𝑖,   𝑖𝑖 = 1, … . . , 𝑘𝑘 are objective functions; and 𝑔𝑔𝑖𝑖 , 𝑓𝑓𝑖𝑖    𝑖𝑖 = 1, … . . ,𝑚𝑚, 𝑗𝑗 =
1, … , 𝑝𝑝 are constraints [36]. There are two optimization problems in the form of the function that is solved, namely, 
the linear problem and the nonlinear problem. One of the nonlinear optimization methods is the GRG, a robust and 
reliable method for solving optimization problems. There are two options for solving the GRG method using the Quasi-
Newton Method and the Conjugate Gradient Method. This GRG method uses numerical mathematics with a base 
using the derivative of the objective function (gradient) near or equal to zero [37]. The procedure for solving the 
problem begins with setting the variable 𝑥𝑥0 = 𝑥𝑥, next choose step 𝛼𝛼𝑖𝑖  with direction vector 𝑑𝑑𝑖𝑖 so the numerical iteration 
variable can be formulated: 

𝑥𝑥𝑖𝑖+1  = 𝑥𝑥𝑖𝑖 + 𝛼𝛼𝑖𝑖𝑑𝑑𝑖𝑖   (10) 

The variables obtained in equation (10) are entered into the objective function as follows: 

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐹𝐹(𝑥𝑥𝑖𝑖 + 𝛼𝛼𝑖𝑖𝑑𝑑𝑖𝑖)  (11) 

The next step is to set the objective function to the optimum mode (choose the maximum or minimum). Further, the 
objective function is iterated and checked to the optimum point, where the value is at the beginning and continues 
the objective function iteration or the gradient close to zero. Hence the following formula: 

𝑑𝑑𝑑𝑑𝑖𝑖+1
𝑑𝑑𝑑𝑑𝑖𝑖+1 

=  
(𝐹𝐹(𝑥𝑥𝑖𝑖 + 𝛼𝛼𝑖𝑖𝑑𝑑𝑖𝑖)−𝐹𝐹(𝑥𝑥𝑖𝑖)

(𝑥𝑥𝑖𝑖 + 𝛼𝛼𝑖𝑖𝑑𝑑𝑖𝑖) − 𝑥𝑥𝑖𝑖  
≅ 0 

(12) 

 

3 CASE STUDY AND METHODOLOGY 

3.1 Case study of roll decay experiment 

This paper uses a case study of the double-ended RoPax ship, the most famous ship in the world but contributes the 
most casualties. The coefficient of hydrodynamic roll motion was obtained from the roll decay experiment in the flume 
tank. The ship model was to represent the ship RoPax Windu Karsa which operated in the Bojoe-Kolaka route in 
Indonesia water. The flume tank with dimensions size is (20 x 2.3 x 2.5) meters, and the water depth was set up at 
0.7 meters. The ship model is made to scale 1:42, or the length of the model is 1.36 m; this length is determined by 
considering when the model was placed transversely in the flume tank. There was still a clearance of 0.57 m in front 
and behind the model to the wall so that when the roll test was carried out, the water did not bounce to the model, 
which can interfere with experimental accuracy results. The model scale and test procedure size refer to ITTC 7.5-
02-07-04.1 [23]. The main dimensions of RoPax and the model shown in Table 1 are as follows: 

Table 1. Main dimensions of RoPax and model 

Dimension Item RoPax Model 

Length overall (Loa) 57.20 M 1.36 m 

Length perpendicular (Lpp) 49.66 M 1.24 m 

Breadth (B) 16.20 M 0.39 m 

Height (H) 3.80 M 0.09 m 

Draft (T) 2.92 M 0.0695 m 

Model scale 1  42  

The ship used in the experiment was a double-ended RoPax with the same after and forward shape so that the effect 
of motion other than roll is small. Then, make the ship hull model according to the line plan and set the shipload with 
the same complete draft of the existing ship. The displacement was 11.2 kg consisting of the ship hull model and 
portable ballast, and high KG = 11.00 cm. The shape of the hull and its placement in the flume tank can be seen in 
Fig. 1 as follows: 
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Fig. 1. Setting of roll decay test with initial angle ±20 degree in the flume tank 

The experiment process was by placing the ship model in calm water transversely in a flume tank, and then 2 (two) 
gyroscope sensors were installed to record the ship roll. The initial heel of a ship is set up ±20 degrees, as shown in 
Fig. 1, by using a rope hook tied around the hull. The rope was released to allow the rolling oscillation motion to 
occur, and the sensor recorded the roll motion until it stopped. The recorded data was filtered to obtain accuracy and 
be free from noise.  

3.2 Optimization methodology  

Getting the coefficients of roll motion from the experimental record is carried out using the GRG optimization. The 
optimization components determine the methodology for solving optimization problems [38]. Classification of 
optimization components is fundamental and is one of the main parts of solving optimization problems. The type of 
optimization components in this problem is as follows: 

Variables:  𝑥𝑥1 = 𝑘𝑘𝑥𝑥𝑥𝑥  

   𝑥𝑥2 = 𝐵𝐵44  

Objective Function:  

minimum 𝜎𝜎 = �∑ (𝜙𝜙𝑖𝑖.𝑒𝑒𝑒𝑒𝑒𝑒−𝜙𝜙𝑖𝑖.𝑐𝑐𝑐𝑐𝑐𝑐)2𝑛𝑛
𝑖𝑖

(𝑛𝑛−1)   (13) 

𝜎𝜎 = deviation standard  

 𝜙𝜙𝑖𝑖.𝑒𝑒𝑒𝑒𝑒𝑒 = roll decay record 

𝜙𝜙𝑖𝑖.𝑐𝑐𝑐𝑐𝑐𝑐 = roll decay calculation (refer to equation 4) 

𝑛𝑛= number of samples used 

Parameters:  ∆, 𝐺𝐺𝐺𝐺�����𝑇𝑇 (based on weight measurement and inclining test) 

Constants:  𝑔𝑔,𝜌𝜌 (Physical constants) 

Constraints:  0.25𝐵𝐵 ≤ 𝑘𝑘𝑥𝑥𝑥𝑥 ≤ 0.4𝐵𝐵 ;  or 

 1.2∆(0.25𝐵𝐵)2 ≤ 𝐼𝐼44 ≤ 1.2∆(0.4𝐵𝐵)2 

 𝐵𝐵=ship model breadth;  

𝑘𝑘𝑥𝑥𝑥𝑥= weight gyration of inertia moment 

After classifying, the mathematical model is constructed using spreadsheet Microsoft Office Excel. The GRG method 
used in this optimization [38], as shown on the right in Fig. 2. The first raw show the setting cell of objective (𝜎𝜎); the 
second row is minimized setting of the objective function; the third row are variables setting (𝑘𝑘𝑥𝑥𝑥𝑥 dan 𝐼𝐼44); the fourth 
is constraints setting (𝑘𝑘𝑥𝑥𝑥𝑥 dan 𝐼𝐼44); the end chose the GRG nonlinear to solve the optimization model. The left below 
Fig. 2 shows the final convergent solution, marked with all the constraints satisfied; the objective function is minimized 
and will be written: “solver found a solution”. 
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Fig. 2. Setting solver and result optimization in Microsoft office excel              

4 DISCUSSION 

From the experiment roll decay record, the motion can be approximated by equations 1~4. Next, the mathematical 
optimization models using section 3.2 are applied. The initial variables of the coefficient of the inertia moment gyration 
radius and damping moment are determined. Then type optimization software is carried out using nonlinear GRG 
optimization by varying standard deviation of the sample record data obtained as described below: 

4.1 The objective function uses a standard deviation of all data roll decay  

At the beginning of the experiment, the ship model is set up on the initial heel of 20.830 degrees ≅ 20 degrees in 
calm water. Next, the model is released so that the rolling oscillates, which gets smaller and smaller until the 
oscillation stops. The oscillating movement of the ship model is made free-floating without a tie. The results of the 
roll decay experiment data are shown in Fig. 3 of the dashed black curve as follows: 

 
Fig. 3. Comparison of experiment with optimization using a standard deviation of all roll decay data 

Fig. 3 shows the similarity of roll decay curves experiment with the dashed black curve and optimization calculation 
using the objective function of all roll decay data with the solid orange curve. The similarity curve starts from oscillatory 
time 0 to 2.116 seconds; the slightly different times 2.116 -5.944 seconds and deviation are even more significant at 
times above 5.944 seconds. In addition to comparing experimental and optimization results displayed in curves, it 
can also be displayed in the form of data, as shown in Table 2. The first row is the number of data records from 
gyrocompass sample 150 data, the second row of the record time range 0-15.01 seconds, and the third row is the 
row roll angle decay. In addition, the calculation of roll decay analytically is carried out by entering the same time 
interval as the experimental results shown in the fourth row. 

Table 2. Comparison of experiment with optimization using a standard deviation of all roll decay data 

Data (n) 1 2 3 4 5 6 7 ….. 150 

t (s) 0 0.1 0.202 0.34 0.503 0.604 0.706 ….. 15.01 
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Data (n) 1 2 3 4 5 6 7 ….. 150 

𝜽𝜽𝒊𝒊.𝒆𝒆𝒆𝒆𝒆𝒆(deg) 20.830 20.435 15.381 6.158 -9.503 -11.161 -8.262 ….. 0.6757 

𝜽𝜽𝒊𝒊.𝒄𝒄𝒄𝒄𝒄𝒄(deg) 20.830 17.967 10.523 -1.918 -11.96 -13.145 -10.531 ….. 0.0012 

All the experimental data of rows 1-2 Table 2 was entered into the mathematical optimization model as described in 
section 3.2 with the objective function using a standard deviation of all data roll decay, where the initial variables are 
𝑥𝑥1 = 0.1 m and 𝑥𝑥2 = 𝐵𝐵44 = 0.0001 m-ton-sec. Result optimization can be found in the solid orange curve Fig. 3, and 
the fourth row Table 2. From the optimization calculation using all experimental data records obtained following the 
variables: 𝑥𝑥1 = 0.104727 m; 𝑥𝑥2 = 𝐵𝐵44 =3.72067E-05 m-ton-sec; minimization of objective function 𝜎𝜎 =1.263851794; 
and constraint 1.2∆(0.078)2 < 1.2∆(0.104726673)2 < 1.2∆(0.156)2 fulfilled. The initial variables compare with the 
result variables; there are distinction 

4.2 The objective function uses roll decay, a standard deviation of amplitude maximum-minimum  

The second discussion is taken all 150 data records, the same as the first discussion, but the objective function 
calculation is different. However, the objective function employs a standard deviation of the maximum and minimum 
amplitudes with the time range 0-5.01 seconds obtained 25 data (13 maximum amplitude and 12 minimum 
amplitude). The comparison of the roll decay curves of experimental and optimization is shown in Fig. 4 as follows: 

 
Fig. 4. Comparison of experiment with optimization using the objective function a standard deviation of amplitude 

maximum-minimum 

From the graph in Fig. 4, curves are similar at the beginning to 0.503 seconds but are slightly different at 0.503-3.627 
seconds. The curves return to experience the sameness at 3.627-6.044 seconds but are slightly different over time. 
Comparison curves of the experiment and optimization with the objective functions of the standard deviation of the 
maximum and minimum amplitude are also shown in Table 3. The first line shows the amount of data, the second 
line shows the data range of the gyrocompass recording time, and the third line shows the maximum and minimum 
amplitude data. The results of the roll decay optimization calculation are shown in Table 3, the solid orange curves 
and the third 3-row table as follows:  

Table 3. Comparison of experiment with optimization using the objective function a standard deviation of amplitude 
maximum-minimum 

Data (n) 1 2 3 4 5 6 7 ….. 25 

t (s) 0 0.604 1.108 1.712 2.317 2.921 3.526 ….. 15.01 

𝜃𝜃𝑖𝑖.𝑒𝑒𝑒𝑒𝑒𝑒(deg) 20.830 -11.162 8.701 -6.075 5.153 -3.7244 2.9279 ….. 0.6757 

𝜃𝜃𝑖𝑖.𝑐𝑐𝑐𝑐𝑐𝑐(deg) 20.830 -14.663 8.898 -6.193 4.317 -3.0571 2.1517 ….. -0.0026 

Next is the determination of the initial variable value in the optimization calculation. The initial variable values are set 
up as the same in the discussion of section 4.1, but the objective function is the difference using amplitude maximum-
minimum. Table 3, n is a set of data recorded, t is a set of time recorded from the gyroscope, 𝜃𝜃𝑖𝑖.𝑒𝑒𝑥𝑥𝑝𝑝 is a set of times 
recorded from the gyroscope, and 𝜃𝜃𝑖𝑖.𝑐𝑐𝑐𝑐𝑐𝑐 is a set of times recorded from the gyroscope. From the results of the 
optimization calculation, obtained the optimum variable: 𝑥𝑥1 = 0.1087688 m; 𝑥𝑥2 = 𝐵𝐵44 = 3.00306E-05 m-ton-sec. 
Minimization of the objective function obtained 𝜎𝜎 = 1.006776 and constraint 1.2∆(0.078)2 < 1.2∆(0.108768874)2 <
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1.2∆(0.156)2 fulfilled. When compared to the difference in the value of the variable in section 4.1, there is a difference 
∆𝑥𝑥1 =3,72% and ∆𝑥𝑥2 =23.90%.  

4.3 The objective function uses roll decay, a standard deviation of amplitude maximum 

The third discussion is taken all 150 data records, the same as the first and the second discussion, but the objective 
function calculation is different. However, the objective function employs a standard deviation of the maximum and 
minimum amplitudes with a time range of 0-15.01 seconds, obtaining 13 maximum amplitudes. The comparison of 
the roll decay curves of experimental and optimization is shown in Fig. 5 as follows: 

 
Fig. 5. Comparison of experiment with optimization using the objective function a standard deviation of amplitude 

maximum 

The results of the optimization calculation compared to the experiment in Fig. 5 have the same initial roll setting value 
at the beginning to 0.503 seconds but are slightly different at 0.503-5.333 seconds. The curves return to experience 
the sameness at 5.333-9.167 seconds but are slightly different over time. In addition to comparing experimental and 
optimization results displayed in curves, it can also be displayed in the form of data, as shown in Table 4. 

Table 4. Comparison of experiment with optimization using the objective function a standard deviation of amplitude 
maximum 

Data (n) 1 2 3 4 5 6 7 ….. 13 

t (s) 0 1.108 2.317 3.526 4.937 6.145 7.464 ….. 15.01 

𝜃𝜃𝑖𝑖.𝑒𝑒𝑒𝑒𝑒𝑒(deg) 20.830 8.7012 5.1526 2.9279 1.5491 1.4557 1.3458 ….. 0.6757 

𝜃𝜃𝑖𝑖.𝑐𝑐𝑐𝑐𝑐𝑐(deg) 20.830 9.5125 4.8094 2.296 2.440 1.394 0.8263 ….. 0.0245 

Next is determining the initial variable value in the optimization calculation, where the initial variable value 𝑥𝑥2 = 𝐵𝐵44 =
0.0002 m-ton-sec differs from sections 4.1, and 4.2, and we set the objective function at the amplitude maximum. 
From the results of the optimization calculation, we obtain the optimum variable: 𝑥𝑥1 = 0.108769 m; 𝑥𝑥2 = 𝐵𝐵44 = 
2.34841E-05 m-ton-sec. minimization of objective function 𝜎𝜎 = 0.712748095 and constraint 1.2∆(0.078)2 <
1.2∆(0.11129688)2 < 1.2∆(0.156)2 fulfilled. When compared to the difference in the value of the variable in section 
4.1, there is a ∆𝑥𝑥1 = 5.90% and ∆𝑥𝑥2 = 58.41%.  

4.4 The objective function uses roll decay, a standard deviation of amplitude minimum 

The third discussion is taken all 150 data records, the same as the first, second, and third discussions, but the 
objective function calculation is different. However, the objective function employs a standard deviation of the 
maximum and minimum amplitudes with a time range of 0-15.01 seconds, obtaining 12 minimum amplitudes. The 
comparison of the roll decay curves of experimental and optimization is shown in Fig. 6 as follows: 
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Fig. 6. Comparison of experiment with optimization using the objective function a standard deviation of amplitude 

minimum 

From the graph in Fig. 6, peaks and valleys of amplitude are similar at the beginning to 0-2.015 seconds, different at 
2.015-5.9144 seconds, but are slightly different at times above that range. The results of the data sorting of the 
minimum amplitude of objective functions are shown in Table 5: The first line shows the amount of data, the second 
line shows the data range of the gyrocompass recording time, and the third line shows the maximum and minimum 
amplitude data. The results of the roll decay optimization calculation are shown in Fig. 6 in the solid orange curves 
and the third 3-row table as follows:  

Table 5. Comparison of experiment with optimization using the objective function a standard deviation of amplitude 
minimum 

Data (n) 1 2 3 4 5 6 7 ….. 12 
t (s) 0.604 1.712 2.921 4.233 5.541 6.859 8.063 ….. 14.507 

𝜃𝜃𝑖𝑖.𝑒𝑒𝑒𝑒𝑒𝑒(deg) -11.162 -6.075 -3.724 -2.197 -1.209 -0.7745 -0.6317 ….. -0.2582 

𝜃𝜃𝑖𝑖.𝑐𝑐𝑐𝑐𝑐𝑐(deg) -13.677 -5.531 -2.488 -1.010 -0.247 0.0114 0.0115 ….. 0.0002 

Next is the determination of the initial variable value in the optimization calculation. We equate the initial variable 
values with the value in the discussion of sections 4.1, 4.2, 4.3, and the objective function using amplitude maximum-
minimum. From the results of the optimization calculation, we obtain the optimum variable: 𝑥𝑥1 = 0.106631 m; 𝑥𝑥2 =
𝐵𝐵44 = 3.50457E-05 m-ton-sec. Minimization of objective function 𝜎𝜎 = 1.068226721 and constraint 1.2∆(0.078)2 <
1.2∆(0.106630962)2 < 1.2∆(0.156)2 fulfilled. When compared to the difference in the value of the variable in section 
4.1, there is a difference ∆𝑥𝑥1=1.79% and ∆𝑥𝑥2= 6.17%. 

4.5 Optimization sensitivity analysis of hydrodynamic coefficients  

Sensitivity is a critical analysis to determine the level of sensitivity of the initial variable input changes to the objective 
function entered into the calculation. This analysis determines that the stuck of the objective function at the optimum 
local peak can not occur. The aim is to cover the weaknesses of the GRG optimization method. This paper analyzes 
the sensitivity of the initial variables 𝑥𝑥1 and 𝑥𝑥2 to the optimal final variable. Where in the first part, the initial variable 
𝑥𝑥1 is made several variations and 𝑥𝑥2 is made fixed, as shown in Table 6 below: 

Table 6. Optimized sensitivities on 𝑘𝑘44 varied and 𝐵𝐵44 fixed 

The objective function is 
a standard deviation of 

𝑘𝑘44 0.1 0.2 0.3 0.4 0.5 

𝐵𝐵44 0.00001 0.00001 0.00001 0.00001 0.00001 

All data roll decay 
𝑘𝑘44 0.104727 0.104727 0.104727 0.104726 0.104726 
𝐵𝐵44 3.721E-05 3.721E-05 3.721E-05 3.721E-05 3.721E-05 

Amplitude maximum-
minimum  

𝑘𝑘44 0.108769 0.108769 0.108769 0.108769 0.108769 

𝐵𝐵44 3.003E-05 3.003E-05 3.003E-05 3.003E-05 3.003E-05 

Amplitude maximum 
𝑘𝑘44 0.078000 0.111274 0.078000 0.000000 0.078000 

𝐵𝐵44 58.641463 819.20001 58.641463 0.00001 58.641463 

Amplitude minimum 
𝑘𝑘44 0.106631 0.106631 0.106631 0.106631 0.106631 

𝐵𝐵44 3.505E-05 3.505E-05 3.505E-05 3.505E-05 3.505E-05 
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Table 6 above the first row is the initial input variable from the optimization, which consists of variations 𝑘𝑘44= (0.1; 
0.2; 0.3; 0.4; 0.5) meters, while 𝐵𝐵44 = 0.0001 m-ton-sec is a fixed variable. The first column consists of four data 
variations used in the optimization as an objective function using a standard deviation: all data, maximum-minimum 
amplitude, maximum amplitude, and minimum amplitude. In the objective function with all data records, the optimal 
value obtained is 𝑘𝑘44 = 0.14727 m and 𝐵𝐵44 = 3.721E-05 m-ton-sec for the sensitivity of all initial variables is zero. As 
well as the objective function with maximum-minimum amplitude, the optimal value obtained is 𝑘𝑘44 = 0.108769 m dan 
𝐵𝐵44 = 3.003E-05m-ton-sec for the sensitivity of all initial variables is zero too. While in optimization using maximum 
amplitude data, the optimal values of (𝑘𝑘44 and 𝐵𝐵44) are variable / very sensitive; on the other hand, the shape of roll 
decay is not the same pattern as the experiment. In the objective function with all data records, the optimal value 
obtained is 𝑘𝑘44 = 0.106631 m dan 𝐵𝐵44 = 3.505E-05 m-ton-sec for the sensitivity of all initial variables is zero. In the 
optimization of maximum amplitude, all optimization results are marked in red for all variations of the initial variable 
value 𝑘𝑘44, because they produce a divergent curve where the shape of the optimization results curve differs from the 
roll decay of the experimental results. 

Table 7. Optimized sensitivities on 𝑘𝑘44 fixed and 𝐵𝐵44 varied     

Table 7 above 𝑘𝑘44= 0.1 m fixed and variable 𝐵𝐵44= (0.00001; 0.00002; 0.00003; 0.00004; 0.00055) m-ton-sec. There 
is no sensitivity or zero in the objective function using all data and optimization using minimum amplitude data. In the 
objective function using the initial maximum-minimum amplitude of the variable 𝐵𝐵44 = (0.00001~0.0004) m-ton-sec, 
there is no sensitivity but 𝐵𝐵44= 0.00005 m-ton-sec there is sensitivity. Meanwhile, in the objective function of the 
maximum amplitude, sensitivity occurs in all variations, especially at 𝐵𝐵44 = 0.00001 m-ton-sec or does not make a 
roll decay graph similar to an experiment after increasing the initial variable 𝐵𝐵44 sensitivity occurs with a small value. 
In maximum amplitude optimization, all optimization results are marked in red for the initial variable value variation 
𝐵𝐵44= 0.0001, because it produces a divergent curve where the shape of the optimization curve is different from the 
roll decay of the experimental results, while the other initial variable values have convergent values. 

5 CONCLUSIONS 

The hydrodynamic coefficient of roll motion is needed in predicting dynamic ship stability and capsize. The 
coefficients can be obtained from roll decay in calm water experimental. The GRG optimization method can find 
these coefficients accurately and quickly by determining the components of the optimization variable: 𝑘𝑘44 and 𝐵𝐵44; 
the objective function of the minimum standard deviation; constrained the radius of gyration applied to the ship roll 
motion. From discusses above, optimization using several objective functions: a standard deviation of all data, 
maximum-minimum amplitude, maximum amplitude, and minimum amplitude has a similarity curve with the 
experiment of roll decay. The most different form of the curve with the experiment of roll decay is optimization using 
the objective function of a standard deviation of amplitude maximum with value σ = 0.712748095. The closest form 
of the curve with the experimentation of roll decay is optimization using the objective function of a standard deviation 
of amplitude maximum-minimum with value σ = 1.006776445. The optimum variables of hydrodynamic coefficients 
obtained are: 𝑥𝑥1 = 0.108769 m; 𝑥𝑥2 = 𝐵𝐵44 = 3.00306E-05 m-ton-sec. In general, the GRG optimization method is 
usable in the search for the hydrodynamic coefficient of the roll decay, which has the advantage of having an accurate 
and fast value.  
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The objective function is 
a standard deviation of 

𝑘𝑘44 0.1 0.1 0.1 0.1 0.1 

𝐵𝐵44 0.00001 0.00002 0.00003 0.00004 0.00005 

All data roll decay 
𝑘𝑘44 0.104727 0.104727 0.104727 0.104727 0.104727 

𝐵𝐵44 3.721E-05 3.721E-05 3.721E-05 3.721E-05 3.721E-05 

Amplitude maximum-
minimum  

𝑘𝑘44 0.108769 0.108769 0.108769 0.108769 0.104727 

𝐵𝐵44 3.003E-05 3.003E-05 3.003E-05 3.003E-05 3.721E-05 

Amplitude maximum 
𝑘𝑘44 0.078000 0.111294 0.111299 0.111302 0.111304 

𝐵𝐵44 58.64146 2.349E-05 2.348E-05 2.351E-05 2.348E-05 

Amplitude minimum 
𝑘𝑘44 0.106631 0.106631 0.106631 0.106631 0.106631 

𝐵𝐵44 3.505E-05 3.505E-05 3.505E-05 3.505E-05 3.505E-05 
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