
1. Introduction

With the increasing demand for industrial and residential land, 
studies have been conducted on the construction of very large floating 
structures, such as floating airports, floating bridges, and multipurpose 
marine spaces, by installing floating structures in coastal and offshore 
areas (Watanabe et al., 2004; Lamas-Pardo et al., 2015). The first step 
in the design of such floating structures is to conduct a hydrodynamic 
analysis considering wave loads (Tavana and Khanjani, 2013). To 
reduce the hydroelastic responses of floating structures, various 
methods have been presented, including submerged breakwaters, 
floating breakwaters, and oscillating water column chambers. Among 
them, submerged breakwaters are the most effective structures (Wang 
et al., 2010). The main purpose of submerged breakwaters is to 
increase reflected waves and dissipate the wave energy or reduce the 
energy of transmitted waves (Huang et al., 2003) for reducing the wave 
loads acting on floating structures.

 Two-dimensional (2D) domain analysis is mainly conducted in 
studies on submerged breakwaters because breakwaters are installed 
parallel to the shoreline and have a constant cross-section with a long 
shape. Studies have been actively conducted to analyze the changes in 
water surface caused by submerged breakwaters. Koley et al. (2020) 
conducted an experiment and boundary element method (BEM)-based 
numerical analysis on permeable rubble mound breakwaters. They 
conducted a parametric study on the shape of breakwaters and 
analyzed its effects on reflection, dissipation, and transmission 
coefficients. Jeong et al. (2021) analyzed the change in the 
transmission coefficient of submerged breakwaters composed of 
tetrapods using the environmental conditions of the coast of Korea, 
empirical formulas, and a wave deformation model (WADEM). Khan 
et al. (2021) analyzed the reflection and dissipation of incident waves 
caused by multi-layered trapezoidal porous rubble mound breakwaters 
using the multi-domain boundary element method (MDBEM). Loukili 
et al. (2021) analyzed the change in the reflection and transmission 
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coefficients caused by a single rectangular submerged breakwater 
using the meshless singular boundary method. Ni and Teng (2021a; 
2021b) analyzed the reflection coefficient of the porous rectangular 
and trapezoidal submerged breakwaters installed on a permeable 
inclined seabed using a modified mild-slope equation. They conducted 
a parametric analysis of the Bragg resonance caused by the porosity, 
the number and height of breakwaters, the distance between 
breakwaters, and the slope of the seabed. Patil and Karmakar (2021) 
conducted a parametric analysis of the reflection and transmission 
coefficients of impermeable and permeable submerged breakwaters in 
various shapes using MDBEM. These numerical analysis studies were 
conducted in the frequency domain. Time-domain numerical analysis 
and experimental studies have also been actively conducted. Lee et al. 
(2019) conducted an experimental study on tide-adapting submerged 
breakwaters and reported that their wave-breaking performance is 
superior to that of ordinary submerged breakwaters. Lee et al. (2002) 
conducted an experimental and numerical study on the distribution of 
vorticity, turbulence, and wave height according to the density, width, 
and arrangement of submerged rigid vegetation. Min et al. (2023) 
analyzed the reflection, transmission, and dissipation coefficients of 
dual submerged breakwaters using a fully nonlinear numerical wave 
tank (NWT) based on the boundary element method considering 
porous domain. They also conducted an analysis of the change in wave 
height caused by breakwaters and the pressure distribution inside 
permeable submerged breakwaters.

Studies have been actively conducted considering the interaction 
between submerged breakwaters and rear structures in the 2D domain. 
Their main purpose was to reduce the wave load acting on the 
structures by increasing reflected waves or dissipating the wave 
energy through the change in flow field caused by submerged 
breakwaters. Manisha et al. (2019) analyzed the reflected waves and 
the reduction in the wave load acting on floating bridges caused by 
various shapes of submerged breakwaters or trenches. Vijay et al. 
(2021) conducted a parametric analysis of reflection and transmission 
coefficients and the external forces acting on floating docks 
considering the interaction between submerged breakwaters in various 
shapes and fixed floating docks. Jiang et al. (2022) analyzed the 
reflection, dissipation, and enhancement coefficients by double and 
triple submerged breakwaters using the volume-averaged 
Reynolds-averaged Navier–Stokes equation (VARANS). They also 
analyzed the effect of submerged breakwaters on the external forces 
acting on a vertical breakwater, and reported that triple submerged 
breakwaters with high porosity most efficiently reduce the wave 
external force acting on the rear structure.

The design of submerged breakwaters for the reduction in wave 
loads acting on floating bodies and their dynamic stability involves 
numerous design variables, such as the distance between the floating 
body and breakwaters and the shape of breakwaters. To analyze the 
optimization problem for these design variables, metaheuristic 
algorithms that can effectively find the maximum or minimum value 
based on the objective function are used. Metaheuristic algorithms can 

be classified into evolutionary algorithms, swarm-based algorithms, 
physics-based algorithms, and human-based algorithms (Kaveh and 
Mesgari, 2023). Metaheuristic algorithms are also widely used in the 
field of ocean engineering. Zhu et al. (2022) conducted an 
optimization analysis of the layout of wave energy converters using 
artificial neural networks and adaptive genetic algorithms. Ferri and 
Marino (2023) conducted an optimization analysis of substructures for 
10 MW-class floating offshore wind turbines using genetic algorithms. 
Gandomi et al. (2023) analyzed the reflection and transmission 
coefficients of by permeable breakwaters using the conditional 
value-at-risk method (CvaR) based on the multilayer perceptron neural 
network and second-generation nondominated sorting genetic 
algorithm (NSGA-II). Jeong and Koo (2023) conducted an 
optimization analysis of the power output of wave energy converters 
using the three-dimensional frequency-domain boundary element 
method (FD-BEM) based on the potential flow theory. They compared 
the optimization analysis results for genetic algorithms, simulated 
annealing, particle swarm optimization (PSO), and advanced PSO 
(Chen et al., 2018), and described the superiority of advanced PSO. 
Zhang et al. (2023) conducted an optimization analysis of the 
structural parameters of articulated offshore wind turbines using the 
third-generation nondominated sorting genetic algorithm (NSGA-III). 

This study aimed to construct an optimization analysis framework to 
determine the optimal values for the shape and position of submerged 
breakwaters that can minimize or maximize the external forces acting 
on the floating structure to improve its stability. To conduct a 
hydrodynamic analysis considering the interaction between the 
floating structure and the submerged breakwaters, a 2D FD-BEM 
program based on the linear potential theory was developed. It was 
coupled with a metaheuristic algorithm to conduct the optimization 
analysis. To the best of our knowledge, the development of a linked 
analysis framework of NWT and an optimization algorithm that can 
analyze the 2D hydrodynamic problems considering various sea 
bottoms was attempted for the first time. As a metaheuristic algorithm, 
the advanced PSO proposed by Chen et al., (2018) and demonstrated 
superiority by Jeong and Koo (2023) was used in this study. The 
optimization analysis is performed by calling FD-BEM for each 
generation, conducting a numerical analysis of the design variables of 
each particle, and updating the design variables using the collected 
results. In this study, the optimal values for the shape and position of a 
single submerged breakwater that minimize or maximize the external 
forces acting on a fixed surface piercing body were determined and 
analyzed.

2. Mathematical Formulation

Fig. 1 shows the linked analysis framework of the FD-BEM 
program and optimization algorithm. The optimization algorithm sets 
the initial values of the design variable vectors corresponding to the 
number of particles using the ranges of the design variables entered by 
the user and the objective function. The opposition-based learning 
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technique is applied to determine the particles of the first generation 
(Ahandani, 2016). The FD-BEM program is executed using the design 
variables of each particle, and the objective function is calculated 
using the output values. The design variables used for computation are 
stored in memory, and the analysis time can be reduced by preventing 
the execution of the same calculation. If the objective function satisfies 
the stopping criteria or the maximum number of iteration, the entire 
computation is terminated, and the design variable vectors are defined 
as the optimal values.

2.1 FD-BEM
This study employed a numerical analysis technique (boundary 

element method) based on the linear potential theory in which the fluid 
in the computational domain has inviscid, irrotational, and 
incompressible characteristics to calculate 2D hydrodynamic 
problems. The governing equation of the computational domain is the 
Laplace equation, which can be expressed using the velocity potential 
as follows.

∇   (1)

In hydrodynamic problems of general floating bodies, the velocity 
potential is the sum of the incident, diffraction, and radiation velocity 
potentials. In this study, it was assumed that the motion of the floating 
body was fixed, and the effect of the radiated wave was not considered 
as shown in Eq. (2). The incident wave was assumed to be a linear wave, 
and the incident velocity potential can be calculated using Eq. (3).

    (2)

 


cosh

cosh
 (3)

where   and   are the velocity potentials of the incident and 
radiation, respectively. g is the gravitational acceleration, H is the 
wave height,  is the frequency of the incident wave,  is the 
wavenumber, and  is the water depth.  is the horizontal coordinate 
in the incident wave direction, and  is the vertical displacement from 
the water surface.

The boundary integral equation can be obtained using Green’s 
function, which is the fundamental solution of the Laplace equation, 
and Green’s second identity as follows.









  



  (4)

where   ⋅ is the 2D Green’s function, and   is the 
distance between the source and field points.  is the boundary of the 
computational domain, and   is the normal vector at the boundary. Fig. 
2 shows the computational domain for conducting the hydrodynamic 
numerical analysis considering the interaction between a floating body 
and a submerged breakwater. To solve Eq. (4), the following boundary 
conditions were applied to the computational domain.

(1) Free surface boundary conditions
The dynamic and kinematic free surface boundary conditions in the 

frequency domain may be integrated as follows.








     (5)

Fig. 1 Description of the linked analysis framework of the FD-BEM program and optimization algorithm
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(2) Radiation boundary conditions
The Sommerfeld radiation boundary condition was used to 

implement the open sea condition. The boundary condition (Eq. (6)) 
that considers the influence of the incident wave was applied to   
(Koley et al., 2020).



 
      (6)




     (7)

(3) Sea bottom and submerged breakwater boundary conditions
Non-penetration boundary conditions in which fluid particles cannot 

pass through the boundary were applied to the sea bottom and the 
submerged breakwater.




   

and  . (8)

(4) Floating body boundary conditions
In this study, it was assumed that the motion of the floating body 

was fixed, and the external force acting on the floating body was 
calculated by solving only the diffraction problem without solving the 
radiation problem. The floating body boundary condition for solving 
the diffraction problem is as follows.







   (for the diffractionproblem) (9)

The velocity potentials at all boundaries can be obtained by 
substituting Eqs. (5)–(9) into Eq. (4) and performing matrix operations 
through discretization.

The reflection and transmission coefficients at the open sea 
boundaries can be calculated using the velocity potentials at each 
radiation boundary (Vijay et al., 2021).

  


 




 



 





 (10)

  


 




 



 





 (11)

where   and   are the reflection and transmission coefficients, 
respectively.    coshcosh is the vertical eigenfunction, 

i.e., 
 

 




. As there is no wave energy loss, the total energy 

of the reflected and transmitted waves has a constant value (
 

  ).
The wave load acting on the floating body can be obtained by 

integrating the hydrodynamic pressure acting on the submerged 
surface, and the pressure acting on each element can be calculated 
using the Bernoulli equation.

    (12)

  


 (13)

where   and   are the external force and moment vectors acting on 
the floating body, respectively.  is the density of the fluid, and   
and   are the horizontal and vertical distances from the center of 
gravity of the floating body to each element, respectively. The external 
force components obtained through the frequency-domain analysis can 
be nondimensionalized as follows.

 

  (14)

 


  (15)

2.2 Metaheuristic Algorithm
Metaheuristic algorithms are representative optimization algorithms 

that are used to find the maximum or minimum values based on the 

Fig. 2 Illustration of the computational domain and boundaries for a surface piercing body and submerged breakwater
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objective function in optimization problems with multiple design 
variables. In this study, advanced PSO, one of a swarm-based 
algorithms, was applied for the optimization analysis (Eberhart and 
Kennedy, 1995; Shi and Eberhart, 1998; Chen et al., 2018). Jeong and 
Koo (2023) verified the superior performance of advanced PSO 
through the comparison and analysis of various metaheuristic 
algorithms.

Fig. 3 shows the procedure of the general PSO. Advanced PSO is 
composed of Np particles for each generation (iteration). Each particle 
is composed of Nd design variables, and the solution obtained from 
these design variables becomes the value of each particle. As the 
design variables converge from randomly generated initial values to 
the optimal values, particles can be said to be potential solutions. The 
value of each design variable in one particle is referred to as a position, 
which is updated by calculating the relative velocity between the 
particle and other particles for each generation. The velocity of the k-th 
design variable of the j-th particle in the i-th generation can be 
calculated as follows.


    

  
  

   
 

　　　 
  

   
  (16)

where  is a random variable between 0 and 1. 
  and 

  are the 
velocity and position of each design variable, respectively, which can 

be expressed in the vector form (  
 

 ⋯ 
  , 


 

 
 ⋯ 

  ).   
 is the optimal position 

vector of the j-th particle until the previous generation, and 
    is the optimal position vector among all the particles 
until the previous generation.  is the linearly decreasing inertia 
weight proposed by Shi and Eberhart (1998). PSO shows an excellent 
performance when the value of the inertia weight starts with a value 
close to 1 and linearly decreases to 0.4. Accordingly, the initial value 
(max ) and final value (min) of the inertia weight were set to 0.8 and 

0.4, respectively, and  can be calculated as follows.

 max max

 
max min (17)

where    is the i-th generation, and  max  is the maximum 
number of generations. and   were calculated using sine cosine 
acceleration coefficients (Chen et al., 2018).

   max

  , (18)


  max

  , (19)

where the values of ∂ and  were 2 and 0.5, respectively (Chen et al., 
2018).

After calculating the velocity using Eq. (16), the position can be 
updated using the following equation.


    

 
 . (20)

The opposition-based learning technique was applied to improve the 
performance of the initial random design variables of the first 
generation (Ahandani, 2016). The computation speed was improved 
by setting calculations to be omitted when there were previous 
calculation results for the same design variable vector by applying the 
memory mechanism (Cao et al., 2022). 

3. Numerical Analysis and Results

3.1 Verification of the Computation Results of FD-BEM
Before conducting the optimization analysis, the numerical analysis 

results were compared with the results of previous studies to verify the 

Fig. 3 Illustration of the procedure of the general PSO
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accuracy of the calculation of the developed 2D FD-BEM. Fig. 4(a) 
shows a surface piercing body and a trapezoidal rigid submerged 
breakwater. The width and draft of the structure are 60 and 7.5 m, 
respectively, and the water depth is 30 m. The lengths of the lower and 
upper sides of the breakwater are 200 and 120 m, respectively, and its 
height is 15 m. The distance between the structure and the breakwater 
is 15 m. Fig. 4(b) compares the reflection and transmission coefficients 
at the radiation boundary with the results of Manisha et al. (2019). The 
computation results of the present study were consistent with the 
results of the previous study, and the error was less than 3%.

Fig. 5(a) shows a thin surface piercing body and two triangular rigid 
submerged breakwaters. The width of the body is 5h, and its draft is 
very thin. For the two submerged breakwaters, the length of the lower 
side and the height are 0.8h. The distance between the breakwaters is 
0.8h. Fig. 5(b) compares the vertical external force and pitching 
moment acting on the body with the results of Vijay et al. (2021) 
according to the distance between the surface piercing body and the 
breakwater. The computation results of the present study were 
consistent with the results of the previous study, and the error was less 
than 0.5%. Thus, it was determined that the developed FD-BEM 
program has sufficient accuracy to conduct a hydrodynamic analysis 
considering the interaction between the surface piercing body and the 
submerged breakwater.

3.2 Optimization Analysis of the Shape and Position of the 
Submerged Breakwater

3.2.1 Single submerged breakwater with a constant area
To examine the operational and computational performance of the 

developed linked analysis framework, the optimization analysis of the 
single submerged breakwater installed in front of the floating body and 
incident wave was conducted in the domain shown in Fig. 2. Motion 
response analysis must be conducted considering the radiated wave 
and mooring line caused by the floating body motion for evaluating the 
stability of the actual floating body. However, this study focused on 
the development of a computational procedure for the optimization 
analysis of the external forces acting on the floating body according to 
the shape and position of the submerged breakwater. Therefore, a 
situation in which the floating body is fixed was assumed. The 
limitations of this interpretation are that the radiated wave and its 
interaction with the submerged breakwater cannot be considered, and 
that the motion response of the floating body cannot be identified. 
However, the results of Fig. 5(b) show that the external force and 
pitching moment acting on the floating body have similar tendencies 
when the floating body is fixed, and accordingly, the total external 

force (
 

 
 ) acting on the floating body according to 

the shape and position of the submerged breakwater was set as the 
objective function. In addition, the overturning moment caused by the 

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

(a) (b)
Fig. 4 Comparison of reflection and transmission coefficients for a surface piercing body and a trapezoidal rigid submerged breakwater:

(a) Calculation domain, (b) Reflection and transmission coefficients

(a) (b)
Fig. 5 Comparison of external forces acting on a thin surface piercing body and two triangular rigid submerged breakwaters: (a) 

Calculation domain, (b) Vertical force and pitching moment
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wave force acts on the actual submerged breakwater, and a stability 
analysis must be conducted considering it. However, as mentioned 
earlier, the overturning moment was not considered to focus on the 
development of a computation procedure for the optimization 
algorithm for the shape and position of the submerged breakwater.

In this study, structures with a width larger than the draft, such as 
floating docks, bridges, and airports, where stability is important, were 
assumed. The specifications of the floating body and the water depth 
() remained constant during the entire simulation process, and the 
width and draft of the floating body were 2h and 0.25h, respectively. 
The incident wave condition was the nondimensionalized 
wavenumber kh equal to 1.571 rad/s, and the wavelength of the 
incident wave was 4h. The distance between the floating body and the 
submerged breakwater ( ) and the height of the breakwater () were 
set as the design variables for conducting the optimization analysis. It 
was assumed that the installation cost of the breakwater (the area of the 
breakwater) was constant at one-tenth of the submerged area of the 
floating body (    ), and the width of the breakwater is 
determined by its height. In this instance, the width of the breakwater 
can be calculated as follows.

    (21)

   (22)

where   is the area of the submerged breakwater.
Table 1 presents the range of each design variable.   ranged from 

0.1h to 2h, and  ranged from 0.1h to various upper limits. The step 
size of the design variables was h/300, and the total number of possible 
simulations ranged from 17,701 (0.1h ≤  ≤ 0.2h) to 137,611 
(0.1h ≤  ≤ 0.9h). The objective function was set so that the 
total external force acting on the floating body could be minimized or 
maximized, and optimization analysis was conducted for each case. 
The number of particles for the optimization analysis was set to 100 
for all the cases, and the maximum number of generations (maximum 
iteration) was set to 500. Table 2 presents the configuration of the PC 
used for the optimization analysis. The analysis was conducted using 

Table 1 Boundaries of the design variables

Design variables Lower limit Upper limit Step size
 0.1 2.0 1/300

 0.1 0.2, 0.3, 0.4, 0.5, 
0.6, 0.7, 0.8, 0.9 1/300

Table 2 PC configuration for simulation

Components Description
CPU Intel (R) Xeon (R) Platinum 8260 (2.40 GHz)
RAM 192 GB
OS Windows 10

the same PC for all the cases, and the time required for one simulation 
was two seconds or less.

Table 3 presents the results of the optimization analysis conducted 
under the conditions of Table 1. At  = 0.9, the total analysis time 
was approximately 700 s, and approximately 1,200 simulations were 
performed. The design variables of the particles converged to the same 
values before 50 generations. The total external force acting on the 
floating body was nondimensionalized by dividing it by the external 
force in the absence of the submerged breakwater ( ). In all the 
cases, the height of the breakwater converged to the largest value 
within the designated range. This is because the movement of fluid 
particles rapidly increases toward the water surface, and thus, an 
increase in the height of the breakwater has a significant influence on 
the fluid particles. Within the same installation cost (the area of the 
breakwater), an increase in the height of the breakwater within the 
permitted range has a significant influence on the floating body. In 
addition, it was confirmed that the force acting on the floating body 
can be minimized or maximized depending on the position of the 
submerged breakwater despite the same breakwater shape. As the 
force acting on the breakwater and the resulting overturning moment 
were not considered in this study, the values converged to make the 
width of the breakwater very thin. Therefore, a detailed analysis is 
required considering the stability of the breakwater as well as the 
position and shape of the breakwater based on its installation purpose. 

Upper limit of 

Optimal values
Minimizing wave force Maximizing wave force

 
   



0.2 1.477 0.2 0.9591 0.447 0.2 1.0526
0.3 1.513 0.3 0.9312 0.480 0.3 1.0909
0.4 1.517 0.4 0.8938 0.487 0.4 1.1452
0.5 1.510 0.5 0.8460 0.483 0.5 1.2202
0.6 1.497 0.6 0.7863 0.470 0.6 1.3234
0.7 1.470 0.7 0.7121 0.447 0.7 1.4692
0.8 1.427 0.8 0.6175 0.407 0.8 1.6903
0.9 1.367 0.9 0.4844 0.347 0.9 2.0910

Table 3 Optimal values for minimizing and maximizing the external force according to the upper limit of breakwater height
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Fig. 6 shows the contour plot of the ratio of the external force acting 
on the floating body obtained by conducting the optimization analysis. 
When  was lower than approximately 0.6 (when the floating 
body and submerged breakwater were relatively close), the external 
force acting on the floating body increased regardless of the height of 
the breakwater. When it was higher than 1.0 (when the breakwater was 
relatively far away), the external force acting on the floating body 
decreased regardless of the height of the breakwater. As for the 
tendency of the external force,  showed a tendency to decrease 

as the height of the breakwater increased when  was higher than 
0.4 for both the minimum and maximum values. This is because the 
movement range of fluid particles increases toward the water surface, 
and thus, the position at which the fluid particles affect the interaction 
between the floating body and the breakwater also changes.

Fig. 7 compares the magnitude of the wave elevations according to 
the position of the submerged breakwater when  is 0.9. In Fig. 7(a), 
the black solid line indicates the wave elevation in the absence of the 
submerged breakwater. Standing waves were generated owing to the 
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0.8
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1.0

Max: 2.0910
(0.3467, 0.90)

Min: 0.4844
(1.3667, 0.90)

Fig. 6 Contour plot of the ratio of the external force acting on the floating body (values are interpolated)
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Fig. 7 Comparison of wave elevations according to the position of the submerged breakwater: (a) Total wave elevation, (b) Diffracted 

wave elevation, (c) Location of the floating body and breakwaters
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diffracted waves caused by the floating body. In the presence of the 
submerged breakwater, the wave elevation adjacent to the floating 
body differed by approximately 3.5 times depending on the position of 
the breakwater despite the same breakwater size. When the breakwater 
was close to the floating body, very large diffracted waves were 
generated and the magnitude of transmitted waves also increased, 
thereby increasing the external force acting on the floating body. 
When the breakwater was moved away by a certain distance from the 
floating body, both the reflected and transmitted waves were reduced 
by the destructive interference of the incident and diffracted waves, 
thereby decreasing the external force acting on the floating body.

3.2.2 Single submerged breakwater with various areas
An optimization analysis was conducted considering the area ratio 

between the submerged breakwater and the floating body as an 
additional design variable, and the area of the breakwater according to 
the area ratio was calculated using the following equation.

    , (23)

where   is the area ratio between the submerged breakwater and 
the floating body. It was set to range from 0.1 to 0.9 at a step size of 
0.01. The total number of possible simulations is approximately 11 
million (137,611×81), and the same values as in Section 3.2.1 were 
used for the objective function, the number of particles, and the 
maximum number of generations. The total analysis time was 
approximately 5,200 s, and approximately 7,500 simulations were 
performed. The design variables of the particles converged to the same 
values before 150 generations.

Fig. 8(a) shows the optimization analysis results for each design 
variable in a scatter plot. Dots are concentrated at  = 0.9. This is 
because the particles converged to the value when  was 0.9 as 
optimization calculations were repeated. Fig. 8(b) shows the results at 
 = 0.9. The case in which the ratio of the external forces acting on 
the floating body was increased by the breakwater (

 >1.0) 
mostly occurred when  was lower than 0.5, and the   value 

that maximized the ratio of the external force decreased as the area 
ratio increased. The values of   that maximized and minimized the 
ratio of the external force differed by approximately one-fourth of the 
wavelength (1h), which indicates that the wavelength of the incident 
wave and the ratio of the external force are closely related. Based on 
the results of the ratio of the external force for the area ratio of the 
breakwater and , a large external force can be expected when 
 is 0.9, the area ratio is 0.22, and  is 2.3. The ratio of the 
external force obtained by conducting a numerical analysis using these 
values was 2.0177, confirming that a large value occurred. 

Note that a large area of the submerged breakwater is not necessarily 
good, and there is a specific position that has the optimal value. This 
indicates that an optimization analysis that considers various design 
variables is essential for detailed interpretation. It can also reduce the 
total analysis time to determine the optimal values because the 
objective function rapidly converges by preventing unnecessary 
simulation even if the number of simulation cases increases owing to 
the increased design variables.

4. Conclusion

In this study, a 2D FD-BEM was developed based on the linear 
potential theory and boundary element method, and it was coupled 
with advanced PSO, one of the metaheuristic algorithms, to construct 
an optimization analysis framework. For the first time, this study 
attempted to develop a linked analysis framework of a 2D NWT and an 
optimization algorithm that considers various sea bottoms. The 
FD-BEM proved the accuracy of the solution through a comparison 
with the results of previous studies, and advanced PSO is an algorithm 
with proven superiority. The execution of the FD-BEM program is 
automatically repeated using the design variable vectors generated in 
the optimization algorithm process. When the numerical analysis for 
each particle was finished, a memory mechanism was applied to 
prevent unnecessary calculations by storing the results in memory. 
Each design variable vector updates its position value by calculating 
the relative velocity with the optimal value, and the position value 

Max: 2.1354
(0.2867, 0.22)

Min: 0.4721
(1.2967, 0.23)

(a) (b)
Fig. 8 Scatter plot of the ratio of the external forces acting on the floating body according to , , and  ; (a) Scatter plot 

for the three design variables, (b) Scatter plot at =0.9
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continues to be updated over generations until the stopping criteria are 
satisfied.

To examine the operational and computational performance of the 
developed optimization analysis framework, an optimization analysis 
was conducted for the height and area of a single rigid submerged 
breakwater installed in front of a fixed floating body and an incident 
wave. The optimization analysis confirmed that the height of the 
submerged breakwater has a significant influence on the floating body, 
and that there is an optimal position for the breakwater. In addition, 
even if the number of simulation cases increased, the total analysis 
time to determine the optimal values could be reduced by preventing 
unnecessary simulation through the optimization analysis.

The developed 2D FD-BEM has limitations in considering the 
effects of nonlinearity, viscosity, and turbulence because it is based on 
the linear potential theory. However, it has sufficient precision to 
analyze reflected and transmitted waves and the external forces acting 
on floating bodies when a numerical analysis is conducted on long 
submerged and floating bodies. It is also suitable for conducting an 
optimization analysis that requires a large amount of simulation owing 
to the shorter analysis time compared with that of nonlinear analysis 
and computational-fluid-dynamics-based (CFD-based) analysis. As 
this study focused on developing an optimization analysis framework 
for the specifications of floating bodies and submerged breakwaters, 
the fixed floating body condition was applied. This has limitations in 
considering the interaction between the radiated waves caused by the 
floating body motion and the submerged breakwater. To overcome 
this, the precision of optimization analysis will be examined in 
follow-up studies through the motion response analysis of a floating 
body, including the mooring line, and a comparison with experiment 
results. In the future, various metaheuristic algorithms will be applied 
to the developed framework, and it will be expanded to time-domain 
analysis. Based on this, a hydrodynamic optimization analysis will be 
conducted on various ocean engineering problems.
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