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Abstract 
 

Optimal Arrangement method of a  

Naval surface ship considering Stability, 

Operability, and Survivability 

 

When designing the naval surface ship at the preliminary design stage, several ship 

performances, such as stability, operability, and survivability have to be considered at the 

same time. While considering all of them, many compartments have to be placed in the 

limited space, so it is a complex problem that many design alternatives can occur. However, 

in the actual naval ship design, the arrangement design has been relied on the experienced 

designer and mother ships. And there is no way to evaluate the arrangement quantitatively. 

Due to these reasons, the probability of design change increases as design progresses. 

Therefore, in this study, the optimal arrangement method of a naval surface ship 

considering stability, operability, and survivability is proposed, and the optimal 

arrangement program is developed.  

At first, ‘ship template model’ which is a data structure for representing naval ship 

arrangement information was developed. Second, a method that can quantitatively evaluate 

ship stability, operability, and survivability which is suitable for preliminary design stage 

was proposed and developed evaluation modules that can evaluate such ship performances. 

Third, mathematically formulated the problem of naval ship arrangement, and based on the 



 2 

design variables, objective functions, and constraints of formulated problem developed 

optimization module which can find the optimum arrangement. Finally, User interface was 

developed to 3-D visualize of the optimum arrangement and confirm the result of 

optimization. Through the user interface, the designers can visually check the result of the 

arrangement, and check the values easily. 

 

This method was applied to the example of a 7000-ton class destroyer to verify the 

method, and as a result, it is confirmed that this method and program can be an efficient 

tool for evaluation or verification of arrangement in the preliminary design stage.  

 

Keywords: Naval surface ship, arrangement design, optimization, stability, operability, 

      survivability 

Student number: 2015-21176 
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 Introduction 

 Naval ship arrangement design in the preliminary 

design stage 

Naval surface ship has her mission in the battle space so the ship must be exposed to 

man-made hostility and it can be the fundamental reason that makes different design 

concept from other types of ship. At the same time, many crew have to live in the ship for 

a certain periods, so their living conditions have to be considered in the naval surface ship 

design. Especially, the arrangement design would be one of the most important design part 

because it have to embrace main design philosophy of the ship and the arrangement design 

can reflect that philosophy very well. In line with these philosophies, many compartments 

and equipment are placed in a limited ship space. Therefore, many design alternatives can 

occur. 

There are so many things to be considered when arrangement design is ongoing, but 

among them, the most important factors could be a stability, operability, and survivability. 

At first, stability is an ability to restore the ship when the ship inclines due to several reasons. 

In case of stability, it is one of the basic condition that should be provided as a ship, not a 

warship. However, unlike other types of ships, it is necessary to consider that stability must 

be maintained even after being damaged by an attack. So, the stability for a naval surface 

ship is divided into two aspects, intact and damaged stability. Second, the operability is an 

ability that represents effectiveness of the flow of the supplies and crew in the ship. 

Considering the characteristics of the naval ship in which crew living space and weapon 

space coexist, operability have to be considered for efficient logistic movement within a 
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ship. At last, the survivability is an ability that how the ship can be survive in the various 

threats of hostilities. The survivability can be regarded as the most important performance 

of a naval ship in terms of battle mission, and also important part of the recent naval ship 

design. There are many things to consider when analyzing the survivability of the ship, and 

the ship survivability is measured through a lot of interpretations during actual naval ship 

design.  

 

 

 

    

 

 

 

The arrangement design in the preliminary design stage is important because the earlier 

design stage, the less the cost associated with the design, and at the same time, the 

flexibility of the design is high as shown in the Figure 1-2. Therefore, it is important to 

carefully consider the performances that were described above in the earlier design stage. 

At this time, it is necessary to carry out the initial arrangement design considering the 

characteristics and information of the naval ship that can be held in the preliminary design 

stage. 

 

Stability 
(Intact/Damage) 

Survivability Operability 

Figure 1-1 Factors to be considered in the arrangement of a naval surface ship 
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Figure 1-2 Need to leverage the power of design earlier, broader, and deeper (B.Tibbitts & R.G. 

Keane, Jr., 2009)  
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 Motivation for work 

 Current naval surface ship arrangement design 

As mentioned on section 1.1, the naval surface ship arrangement design is very 

important and difficult problem. Entire naval ship design divided into two part; Hull 

arrangement and superstructure arrangement. And each part is made up of several lower 

items. Details of the naval ship arrangement design are described in the appendix A. 

Therefore, the arrangement design for naval ship is conducted by many ship design experts 

in various fields. Also, there is not much information at the preliminary design stage, the 

arrangement is referred to the mother ship a lot. When the draft of arrangement is completed 

in this manner, the arrangement is continuously changed through many discussions and 

design reviews among navy, a building yard, and several consultative groups.    

 Necessity of the optimal arrangement method and program 

At present, there is no way to quantitatively evaluate required performances of the draft 

arrangement. If the ship designers can evaluate how good the draft of arrangement is in 

terms of performance, it will be a great help to make decisions among various alternatives. 

Therefore, the optimal arrangement method is needed because to evaluate the arrangement 

and also to find an arrangement that has desired performances. Also, the method can reduce 

design changes because the expected values for the desired performance can be checked in 

advance. And the reduction in design change will also contribute to the reduction of 

construction cost. 

Because there are too many objective functions and constraints to deal with, that it could 

be a hard work for designers sorting, organizing, and analyzing them. Therefore, by 
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computerization of this problem, many databases which were converted as objective 

functions and constraints could be handled much efficiently. Then, through optimization, 

an optimal solution that satisfying the desired performances could be found. 

 Also, if the designer just put certain information into the computer program and that 

program handles them systematically and calculate them rightly, the arrangement problem 

could be solved very easily and conveniently. And, through the 3D visualization, the users 

can check the result of the problem.  
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 Related works 

A lot of studies for the optimal naval ship arrangement have been conducted by many 

scholars. From the viewpoint of the range of arrangement, there are bulkhead arrangement 

for the hull part and the room arrangement part for the superstructure area. They considered 

various naval ship performances such as stability, operability, and survivability and various 

methods were proposed to evaluate such performance. Finally, to find the best arrangement 

result almost all studies used optimization method.  

Han et al. (2001) proposed an algorithm in order to solve the compartment layout 

problem involving watertight transverse bulkheads and passages. In this study, space layout 

design of a naval ship was represented as a mathematical model and the layout algorithm 

was based on the genetic algorithm (GA). The compartment is represented as a four 

segment chromosome in this algorithm. 

Evangelos Boulougouris et al. (2004) analyzed hull forms of a modern naval combatant 

using a multi-objective genetic algorithm (MOGA). In order to evaluate hull forms, ship 

vulnerability, and damage stability were taken into account. The longitudinal damage 

distributions and the damage density distribution was used to estimate vulnerability of the 

ship. And then, to estimate the probability of survival of a ship after damage in waves, a 

parametric deterministic study, and a probabilistic study was used. 

Nick (2008) divided entire arrangement problem into two stages, allocation and 

arrangement. By using topology the positions of the spaces are designated. And the shape 

and area of the spaces of the available area are set by geometry growth. 

Roh et al. (2009) proposed naval surface ship bulkhead arrangement program when the 
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hull shape had already chosen. In this study, the two objectives of maximizing the space of 

armament and equipment and maximizing damage stability were considered.  

Shin (2013) proposed the method of spatial arrangement of naval ships considering 

survivability. When spaces are arranged, used a result of analyzing the functions and 

relations between spaces using SLP (Systemic layout planning) method. Then quantify 

survivability by analyzing FMEA (Failure mode & Effective analysis) and FTA (Fault tree 

analysis) of equipment, and using the analysis result, evaluate survivability index of the 

arrangement.    

Kim (2014) proposed optimum arrangement design method of submarine based on the 

expert system. Target of arrangement contains main compartment, sub-compartment, and 

equipment. By using a rule-based expert system, the rules and expert’s knowledge could 

be reflected the arrangement efficiently.  

Ju (2016) considered relation between internal space and external shape on the ship 

arrangement. The algorithm proposed in this study contains two steps of arrangement 

which are a creation of an initial arrangement plan at first, and at second, with feedback of 

superstructure, an arrangement of the internal spatial layout.  

Jung (2016) proposed spatial arrangement method of naval ship using layer-based 

integrated survivability evaluation. The survivability layer is defined by a layer expressed 

in a lattice with quantified survivability values. And the survivability layer which is 

represented as an overlap of the vulnerability, susceptibility, and recoverability layer is 

used for evaluate arrangement. Also the methods of define such layers is proposed. 

The summary of related study is as shown in Table 1-1. 
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Table 1-1 Summary of the relative works and this study 

 Target 

Compartment arrangement Consideration of 

Optimization 
Hull 

(Bulkhead) 

Superstructure 

(Room) 
Stability Operability Survivability 

Han 

(2001) 
Surface ship X O X O X O 

Evangelos 

Boulougouris et al. 

(2004) 

Surface ship O X O O O O 

Nick 

(2008) 
Surface ship X O X O X O 

Roh et al. 

(2009) 
Surface ship X O O X X O 

Shin 

(2013) 
Surface ship X O X X O X 

Kim 

(2014) 
Submarine O O O O X O 

Ju 

(2016) 
Surface ship X O X X O O 

Jung 

(2016) 
Surface ship X O X X O O 

This study Surface ship O O O O O O 
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 Target of the study 

The target of the study divided into two main categories. At first, find optimum positions 

of bulkheads and decks of the hull. After finding the optimum position of the bulkheads 

and decks, find the optimum positions of rooms and passages of the superstructure. These 

positions are shown in Figure 1-3 and Figure 1-4. 

 

Figure 1-3 Positions of the bulkheads and decks 

 

 

 

 

 

 

 

Figure 1-4 Positions of the rooms and passages 
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 Optimal arrangement method of a 

naval surface ship 

 Overview of the study 

To find optimal arrangement design of a naval surface ship, the optimal arrangement 

method of a naval surface ship is proposed. To do this, several modules shown in Figure 2-

1 are developed. 

 
Figure 2-1 Configuration of the key modules in this study 
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 Ship template model 

To express various ship arrangement information, the framework which can express 

them, the ship template model was designed. Ship template model represents the 

hierarchical structure of a component of the ship. Ship are divided into superstructure and 

hull parts. Each part has bulkheads, decks. And the certain room, compartment, and the 

tank are created by them.   

 Calculation modules 

To evaluate ship performances, three calculation modules, stability, operability, and 

survivability module was developed. Firstly, Stability module can calculate intact and 

damage stability of the ship by calculation of the righting arm moment and the heeling arm 

moment. And evaluate the values by the navy stability criteria. Secondly, operability 

module can evaluate operability between each rooms. The adjacency and distance between 

each module are also calculated to obtain operability. Thirdly, survivability module 

calculate two kinds of survivability, survivability for bulkhead damage and room damage. 

The calculated results from this module is used as objective function value or constraint of 

the formulated problem.  

 

 Optimization module 

Optimization module has two optimization stages of bulkhead arrangement and room 

arrangement stages. For each stage, the optimization problem was formulated with design 

variables, objective functions, and constraints. Many information and values are used in 
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this module to get optimized result. In this study, the formulated problem are both have 

many objective functions. So the algorithm for multi-object problem was used. Through 

this optimization module, the optimized arrangement result can be obtained. 

 

 User interface 

User interface was developed to 3-D visualize of the optimum arrangement and confirm 

the result of optimization. Through the user interface, the designers can visually check the 

result of the arrangement, and check the values easily. 
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 Formulation of an optimal arrangement problem 

The optimal arrangement problem is formulated by two stages. The first stage is a 

bulkhead arrangement and the second stage is a room arrangement. After the second stage, 

the stability of the solution for second stage will be checked. If the arrangement meet the 

stability criteria, the solution would be an optimum arrangement design. But if the 

arrangement dissatisfy the stability criteria, execute the first stage and second stage again. 

The flow diagram of the formulated problem is shown in Figure 2-2.  

This arrangement problem has a lot of design variables, objective functions, and 

constraints for each arrangement stage. Therefore, it is difficult to consider all the design 

variables, objective functions, and constraints at the same time, which can be a very 

complicated problem. So in this study, entire arrangement problem was divided into two 

stages. 

From the next section, the formulation of detailed problem of each stages will be 

explained. 
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Figure 2-2 A flow diagram of the formulated problem 
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 The 1st stage, optimal bulkhead arrangement 

The purpose of the first stage, optimal bulkhead arrangement is finding optimum 

positions of the bulkheads and the decks. 

 Input information 

To solve this problem, several input information are needed. In this study, since it is 

assumed that the shape of the hull has been determined, a hull shape mesh model is 

necessary. And the number of bulkhead and deck has to be determined before optimization. 

Tank information such as utility, required space, and position and, warhead information for 

calculation of survivability are also needed. The details are presented in Table 2-1.  

 

Table 2-1 Input information of the 1st stage optimization problem 

Input information Data type 

Hull model Mesh 

Number of bulkhead and deck Double 

Tank utility - 

Tank position Vector3D 

Required space for liquid tank Double 

Center of gravity of each compartment Vector3D 

Warhead type - 

Equivalent TNT of the warhead Double 

Explosive distribution of each type of warhead - 
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 Design variables 

Design variables in an optimization problem is a set of variables that describes the 

system. It is allowed to change during the design optimization. Design variables of this 

stage are positions of the bulkhead in x, y direction and positions of the deck in z 

direction as shown in Figure 2-3. 

 

Figure 2-3 Design variables of the 1st stage optimization problem 
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 Objective functions 

The objective function in an optimization problem is an equation which contains given 

certain constraints and with variables that need to be minimized or maximized. Also, an 

objective function is a mathematical term of the result that express a goal of optimization. 

There are three objective functions in the stage. The objective functions includes space 

utilization efficiency, structural stability, and survivability as shown in Table 2-2. Each 

objective function is explained in detail from the next section. 

Table 2-2 Objective functions of the 1st stage optimization problem 

Objective functions 

Minimize. Volume of liquid cargo tank 𝑓1 = 𝑉𝐹𝑂𝑇 + 𝑉𝐹𝑊𝑇 + 𝑉𝑊𝐵𝑇 + 𝑉𝐿𝑂𝑇 

Minimize. Maximum bending moment  𝑓2 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐵𝑀 

Minimize. Bulkhead damage vulnerability due to the attack 𝑓3 =  ∑ 𝑓( 𝑃𝑟) 
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 Minimize volume for liquid cargo tank 

The utilization of space in the naval surface ship is very limited. Space for armament  

and crew will be the most important when considering the priority of space use of naval 

surface ships. Therefore, if the summation of space area for liquid cargo tank minimized, 

the space area for armament and crew can be maximized. So, this objective function can 

be represented as equation (2-1) and Figure 2-4 represents liquid cargo tank spaces. 

 

𝑓1 = 𝑉𝐹𝑂𝑇 + 𝑉𝐹𝑊𝑇 + 𝑉𝑊𝐵𝑇 + 𝑉𝐿𝑂𝑇  (2-1) 

 

Figure 2-4 Expression of liquid cargo tank space 
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 Minimize maximum bending moment at the intact state 

Minimize the maximum bending moment to ensure structural stability at the intact state 

of the ship. The weight of the partition wall and the center of gravity of each compartment 

are different according to the arrangement of the partition walls. So the value of the bending 

moment can be adjusted by proper placement of the bulkheads. And the process to obtain 

the bending moment curve is as shown in Figure 2-5, firstly, get load curve by calculation 

of the difference between gravity and buoyancy. Then obtain a shear force curve by 

integration of the load curve about the length. Finally, by integration of shear force curve, 

the bending moment curve can be obtained.     

𝑓2 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐵𝑀   (2-2) 

 

Figure 2-5 Flow to obtain the bending moment curve and the maximum bending moment 
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 Minimize bulkhead damage vulnerability due to the attack 

 Naval ship survivability 

Before explain this objective function the definition of the survivability and 

vulnerability of the ship have to be defined.  

According to Said (1995), the survivability of the ship is defined as “the 

capability of a ship and its shipboard systems to avoid and withstand a weapons 

effects environment without sustaining impairment of their ability to accomplish 

designated missions”. And ship survivability has three major elements that express 

it well and they are susceptibility, vulnerability, and recoverability. Also, the 

concept of the three components of the survivability are explained in Figure 2-6. 

After hit by enemy, with vulnerability reduction and enhancement of recoverability, 

the system capability can be recovered. The definitions of the susceptibility, 

vulnerability, and recoverability are as follows. 

- Susceptibility refers to the inability of a ship to avoid being damaged in the 

pursuit of its mission and to its probability of being hit 

- Vulnerability refers to the inability of the ship to withstand damage 

mechanisms from one of more hits, to its vincibility, and to its liability to 

serious damage or loss when hit by threat weapons. 

- Recoverability refers to the ability of a ship and its crew to prevent loss and 

restore mission essential functions given a hit by one or more threat weapons.  
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Figure 2-6 Three elements of survivability (Ashe et al, 2006) 

From viewpoint of the ship design, susceptibility is much related to external 

shape of the ship. In order to reduce the susceptibility of a ship, designers adjust 

the RCS (Radar cross section), IR (Infra-red), URN (Underwater radiated noise) 

by the external design change. If these performances are improved, the probability 

of the ship being detected by the enemy is reduced, so it can be said that the ship's 

susceptibility is low. But susceptibility has weak relation with arrangement design 

of the ship. Recoverability of the ship is related to the well trained ship crew and 

damage control system. So in the same point of view, it’s not rely on the ship design. 

But vulnerability has strong relation with the arrangement design. Vulnerability 

can be reduced by adjusting the positon of the partition wall and the positon of the 

compartment. Therefore, this study handles bulkhead and room arrangement, so in 

this study, the vulnerability of the ship was concerned only and that represents the 

survivability of the ship.  
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 Bulkhead damage vulnerability 

If an explosion occurs within the compartment, an explosion pressure will be 

applied to wall, ceiling, or floor as shown in Figure 2-7.  

 

Figure 2-7 Shock reflections from walls during internal detonation(TM 5-822-1, 1986) 

 

Also, if such an explosion occurs within the compartment of the naval surface 

ship, the pressure will act on the bulkheads as shown in Figure 2-8. At this time, if 

the pressure acting on the bulkheads due to the explosion can be minimized, we 

can say that this has reduced the vulnerability of the ship. Therefore, in this study, 

calculate explosive pressure acting on every bulkhead with certain explosive, and 

defined minimize them as an objective function.    

𝑓3 = ∑ 𝑃𝑟
𝑖

𝑛

𝑖=0

 

 
(2-3) 
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Figure 2-8 Explosion in the compartment of a naval surface ship 

The reflected pressure act on the bulkhead due to an explosion can be calculated 

by the following equation (2-4). This equation is an empirical fit equation for the 

reflected pressure which is accordant to the distance from the explosive point to 

the bulkhead.  

Pr = 2 × P0 × [Psnd +
(γ + 1)Psnd

2

(γ − 1)Psnd + 2γ
] 

 (2-4) 

 

Where, Pr [Pa] means peak reflected pressure, and P0 is an ambient air pressure 

which has 101,300[Pa] at sea level. And γ is a specific heat ratio of the ambient air, 

R is a distance from center of the blast to the bulkhead, and W is a warhead charge 

mass, EW[𝑚2/𝑠2] is an explosive energy per unit mass. 𝑃𝑠𝑛𝑑 is a non-dimensional 

side-on overpressure and denoted as equation (2-5). 

 

𝑃𝑠𝑛𝑑 = 0.55 {𝑅 × [
𝑃0

𝐸𝑊 × 𝑊
]

1
3

}

−1.95

 

 
(2-5) 
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 Distribution of explosive points 

As shown in before, Pr is a function on the distance between bulkheads from 

the explosive point. Therefore the position of an explosive have to be defined, also 

the types of the threats have to be selected. In this study, anti-ship missile, torpedo, 

and mine are considered among various types of the threats.  

 

Figure 2-9 The various types of the threats 

The explosion point was set by arbitrarily chosen 50 positions by the following 

function each. The function is called longitudinal damage distribution and it 

represents a probability of being attacked at the certain non-dimensional length 

position. Each weapon has corresponding longitudinal damage distribution 

according to the characteristic of the weapon as shown in Figure 2-10.  

Anti-ship missile follows piecewise liner distribution along the ship length. This 

distribution has its peak point at the mid-ship because the mid-ship part has the 

largest being detected area. And the remaining part shows a linear change.    

Torpedo follows normal distribution along the ship length. Due to the 
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characteristics of the torpedo, which attacks ship by hearing underwater radiated 

noise that usually generated in engine and propeller, the midpoint of the normal 

distribution slightly moved to the stern of the ship.  

Mine follows linear distribution along the ship length. In the case of mines, the 

damage probability of the stern part is zero, and the damage probability of the bow 

side exists linearly, as it will explode by the pressure over which the ship passes. 

 

Figure 2-10 Longitudinal damage distribution 

Therefore, the positions of 50 points of each weapon is as shown in Figure 2-11. 

And the warhead characteristics of each weapon are shown in Table 2-3. 
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Figure 2-11 Explosive point distribution of the three weapons 
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Table 2-3 Warhead characteristics and explosive distributions 

 Equivalent TNT[kg] 
Explosive energy per unit mass 

[
m2

𝑠2
] 

Explosive point distribution 

Anti-ship missile 161 4.184 × 109 Piecewise linear distribution 

Torpedo 107.9 4.184 × 109 Normal distribution 

Mine 113.4 4.184 × 109 Linear distribution 
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 Constraints 

There are nineteen different constraints are set in the bulkhead arrangement stage. The 

constraints of this stage contain intact/damage stability criteria of the ROK navy, the 

limitation of deck height and engine room area, and required space of liquid cargo tank. 

With these constraints, the arrangement can meet the stability criteria, which is one of the 

most important criteria that needs to be satisfied. And in order to satisfy the habitability of 

the crew and operability of engines, the height of the deck and the size of the engine room 

must be satisfied. And the liquid cargo tank volume can be changed in a reasonable region. 

The constraints are shown as in Table 2-4, and the navy stability criteria will be introduced 

briefly.  
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Table 2-4 Constraints of the 1st stage optimization problem 

Constraints 

Intact stability criteria 

𝑔1 =
𝐺𝑍0

𝐺𝑍𝑚𝑎𝑥
− 0.6 ≤ 0 

𝑔2 = 1.4 − 𝐴2/𝐴1 ≤ 0 

𝑔3 = 𝜙0 − 15 ≤ 0  

Damage stability criteria 

𝑔4 = 𝜙0 − 15° ≤ 0 

𝑔5 = 1.4 − 𝐴2/𝐴1 ≤ 0 

𝑔6 = 0.076 − (𝐺𝑍𝑚𝑎𝑥 − 𝐻𝐴) ≤ 0 

𝑔7 = 0.020(𝑚 − 𝑟𝑎𝑑) − 𝐴1 ≤ 0 

𝑔8 = −𝐷_𝑚𝑎𝑟𝑔𝑖𝑛𝑙𝑖𝑛𝑒 ≤ 0.0(𝑚) 

Deck height 𝑔9 = 1,950(𝑚𝑚) − ℎ𝑑𝑒𝑐𝑘 ≤ 0 

Engine room area 

 𝑔10 = 12 − |𝑥5 − 𝑥6| ≤ 0 

  𝑔11 = 12 − |𝑥7 − 𝑥8| ≤ 0 

Required space of liquid tanks 

    𝑔12 =  𝑉𝐹𝑂𝑇
𝑚𝑖𝑛 − 𝑉𝐹𝑂𝑇 ≤ 0 

𝑔13 =  𝑉𝐹𝑂𝑇−𝑉𝐹𝑂𝑇
𝑚𝑎𝑥 ≤ 0 

𝑔14 = 𝑉𝐹𝑊𝑇
𝑚𝑖𝑛 − 𝑉𝐹𝑊𝑇 ≤ 0 

𝑔15 =  𝑉𝐹𝑊𝑇−𝑉𝐹𝑊𝑇
𝑚𝑎𝑥 ≤ 0 

 𝑔16 = 𝑉𝑊𝐵𝑇
𝑚𝑖𝑛 − 𝑉𝑊𝐵𝑇 ≤ 0 

𝑔17 =  𝑉𝑊𝐵𝑇−𝑉𝑊𝐵𝑇
𝑚𝑎𝑥 ≤ 0 

𝑔18 = 𝑉𝐿𝑂𝑇
𝑚𝑖𝑛 − 𝑉𝐿𝑂𝑇 ≤ 0 

𝑔19 =  𝑉𝐿𝑂𝑇−𝑉𝐿𝑂𝑇
𝑚𝑎𝑥 ≤ 0 
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 Stability criteria for naval surface ship   

Basically, the stability criteria is divided into two according to the ship state: 

intact and damage state. Intact and damage stability criteria represent sufficient 

righting energy to withstand various types of upsetting of heeling moment in an 

intact or damaged state of the ship. To calculate stability criteria, find the GZ curve 

and HA curve as follow. At first, to obtain righting arm curve, calculate GZ value 

shown as Figure 2-12 and equation 2-6, 2-7, and 2-8. 

 

Figure 2-12 GZ value of the inclined ship 

 

KP = KG sin ∅ 

 
(2-6) 

KN = KB ∙sin𝜙+𝛅yB
′  cos𝜙+ 𝛅zB

′  sin𝜙 

 
(2-7) 

𝐺𝑍 = 𝐾𝑁 − 𝐾𝑃 =  𝐾𝐵 ∙ 𝑠𝑖𝑛𝜙 + 𝛿𝑦𝐵
′  𝑐𝑜𝑠𝜙 +  𝛿𝑧𝐵

′  𝑠𝑖𝑛𝜙 − 
𝐾𝐺 ∙ 𝑠𝑖𝑛𝜙 

 
(2-8) 



 33 

Secondly, Heeling arm curve can be obtained by calculation of heeling arm value 

as shown in the Figure 2-13 and equation (2-9).  

 

Figure 2-13 Characteristics needed to calculate HA value 

 

HA(m) =
1.5𝑃 ∙ 10.936 ∙ 𝐴 ∙ 𝐿 ∙ 𝑐𝑜𝑠2𝜙

2240 ∙ ∆
 

 
(2-9) 

 

Where P is wind pressure due to beam winds with wind speed V. And L 

represents a center height of the projected sail area above 0.5T. A is a projected 

sail area, ∅ is an angle of heel, and  represents displacement of the ship.  

After calculation, GZ curve and HA curve can be obtained as shown in Figure 

2-14. And the intact stability can be checked by the intact stability criteria as shown 

in Table 2-4. The first criteria, GZ0  0.6·GZmax means ratio between righting arm 

at equilibrium and maximum righting arm. And A2  1.4· A1 represents the ratio 

between capsizing and restoring energy.  
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Figure 2-14 GZ curve and HA curve of a ship 

 

At the intact state, a total of six cases depending on the state of the ship have to 

calculate HA. Namely, there are six different HA curves to calculate to evaluate 

intact stability. The states to be calculated is as follows: Beam winds combined 

with rolling, Lifting of heavy weights over the side, Crowding of personnel to one 

side, High speed turns, Topside icing, and Towline pull for tugs. In this study, in 

order to evaluate the stability in the intact state, consider all state of a ship that 

mentioned above. In each state, the equation for obtaining the value of HA is as 

shown in Table 2-5. 
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Table 2-5 Formulas for obtain HA with various ship states 

Ship state Formula for HA 

Beam winds combined with rolling 𝐻𝐴(𝑚) =
1.5𝑃 ∙ 10.936 ∙ 𝐴 ∙ 𝐿 ∙ 𝑐𝑜𝑠2𝜙

2240 ∙ ∆
 

Lifting of heavy weights over the side 𝐻𝐴(𝑚) =
1.5𝑃 ∙ 10.936 ∙ 𝐴 ∙ 𝐿 ∙ 𝑐𝑜𝑠2𝜙

2240 ∙ ∆
 

Crowding of personnel to one side 𝐻𝐴(𝑚) =
1.5𝑃 ∙ 10.936 ∙ 𝐴 ∙ 𝐿 ∙ 𝑐𝑜𝑠2𝜙

2240 ∙ ∆
 

High speed turns 

𝐻𝐴(𝑚) = (𝑉2 ∙ 𝐴 ∙ 𝑐𝑜𝑠𝜙)/ (𝑔 ∙R) 

V: Turning speed(m/sec) 
A: Vertical distance from ship’s center of gravity to 

center of lateral resistance (half-draft), 
g : Gravity acceleration(m/𝑠2) 

R : Turning diameter(m) 

Topside icing 

𝐻𝐴(𝑚) = 𝑊 ∙ 𝐴 ∙ 𝑐𝑜𝑠𝜙/ ∆′ 

W: Ice weight(ton) 
A: Distance between ship’s mid-ship line to load point 

of added weight (m),  
𝜙 : Inclining  degree 

△’: Displacement including Ice weight(ton) 

Towline pull for tugs 

𝐻𝐴(𝑚) = (4.416𝑁(𝑆𝐻𝑃 × 𝐷)
2

3 ∙ 𝑠 ∙ ℎ ∙ 𝑐𝑜𝑠𝜙)/(38 △) 

N: Number of propellers 

SHP : Shaft horsepower per shaft (at towing speed 10kts) 

D : Propeller diameter 

s : Fraction of propeller slip stream deflected by rudder, 

normally taken as 0.55 

h : Vertical distance from propeller shaft centerline at 

rudder to towing bitts 

△: Displacement 
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 The 2nd stage, optimal room arrangement 

The purpose of the second stage, optimal room arrangement is finding optimum 

positions of the rooms and passages for a superstructure area. 

 Input information  

To solve 2nd stage problem, several input information are needed. The position of 

the bulkhead and deck was decided at the first stage which was executed before. So 

the position of bulkheads and decks from the 1st stage are set as the input information 

in this stage. To arrange rooms, room information and deck information are needed. 

Affinity and antagonism matrix have to be defined for calculation of adjacency.  

The details are presented in Table 2-6.  

 

Table 2-6 Input information of the 2nd stage optimization problem 

Input information Data type 

Position of bulkheads and decks Vector3D 

Utilities of each room - 

Required minimum area of each room Double  

Type of passage of each deck - 

Positions of entrance doors Vector3D 

Positions of inclined ladders  Vector3D 

Positions of passage nodes Vector3D 

Affinity matrix Matrix3D 

Antagonism matrix Matrix3D 
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 Design variables 

Design variables of 2nd stage of optimization consist of two kinds of a variable set: a 

sequence of the room, positions of the longitudinal and transverse passages. Firstly, the 

sequence of the room means place the rooms with its application in the proper position. 

Second variable set means when the shape of the passage for each deck is decided, 

determine the position of the longitudinal and transverse passages. These two variable set 

are described in Figure 2-15 . The abbreviations of the room shown in Figure 2-15 are noted 

in the Table 2-7. 

 

Table 2-7 Abbreviations of room by its application 

Abbreviation Full name 

 OR Officer room 

 CR Crew room 

SB Sick bay 

 CC Command & Control room 

 EQ Equipment storage 

 ER Engine room 

 GA Galley 

 SO Ship office 

 COR Commander room 

 XO Executive officer room 

 HC Heli cargo 

 COM Communication room 
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Figure 2-15 Design variables of the 2nd stage optimization problem 
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 Objective functions 

The objective function of this optimization stage contains adjacency between rooms and 

room damage vulnerability due to the attack. Each objective function is explained in detail 

from the next section. 

Table 2-8 Objective functions of the 2nd stage optimization problem 

Objective functions 

Minimize. Adjacency index 𝑓1 = ∑ ∑ 𝑓𝑎𝑑𝑗 

Minimize. Room damage vulnerability due to the attack 𝑓2 =  ∑ 𝑓( 𝑎𝑖 ∗ 𝑝𝑖) 

 

 Minimize adjacency index 

The adjacency index is an index for checking how much each room is placed with a 

suitable adjacent degree by each usage. To obtain adjacency index, the adjacency matrix 

and the distance matrix have to be defined. 

 Adjacency matrix 

The adjacency matrix is a matrix that has adjacency between each room in its 

element. Adjacency matrix is defined as a subtraction of antagonism and affinities 

matrix shown as equation (2-10). 

𝑎𝑖,𝑗 = 𝑎𝑓𝑓𝑖𝑛𝑖𝑡𝑦𝑖,𝑗 − 𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑚𝑖,𝑗 (2-10) 

Antagonisms matrix represents a quantitative value of the risk when two rooms 

are located in adjacent zones close. As shown in Table 2-9, the higher number, the 

more risk layout. And zero means there is no antagonisms between two rooms.  

Affinities matrix represents a quantitative value of the advantage when two 
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modules have frequent movement of staff each other in the aspect of manning and 

engineering affinities. As shown in Table 2-10, the higher number, the more 

affinities between each room. And zero means there is no affinities between two 

rooms.  

Table 2-9 Example of an antagonisms matrix 

 

 

Table 2-10 Example of an affinities matrix 
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 Distance matrix    

Distance matrix contains distance between every compartment of the ship. To 

find a distance between two rooms, Dijkstra’s algorithm was used. And the passage, 

door, inclined ladder is considered in order to closely describe the movement of 

crews. As shown in the Figure 2-16, the dotted line (b) might be the easiest way to 

describe distance from room A to room D. line (b) can be described by the straight 

line distance between the centers of room A and room B. And it can be written as 

follow equation (2-11). 

d = √(𝐴𝑥 − 𝐷𝑥)2 − (𝐴𝑦 − 𝐷𝑦)2 

 
(2-11) 

 It’s a pretty convenient way but it cannot describe the actual movement of crew. 

Therefore, the route like (a) in figure 2-16 was used in this study. To do this, the 

positions of the entrance door and inclined ladders for multi-deck route are defined 

and considered to calculate distance. 

 

Figure 2-16 Two ways to express a distance between two rooms 

Based on the contents explained above, the adjacency matrix and the distance matrix 

can be obtained as shown in the example of Figure 2-17. Then, to maximize adjacency of 
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the whole ship, we have to think about how to arrange these rooms with mutual adjacency 

value and distance. If the room A to E in Figure 2-16 with their distance matrix and 

adjacency matrix are same with Figure 2-17 have to be arranged efficiently, it has to be 

arranged the high adjacency room are nearly, and the low adjacency room are far away. So 

this objective function can be defined as minimization of summation of the multiplication 

of distance matrix and adjacency matrix of the entire room. And it can be written as a 

following equation (2-12).  

 

Figure 2-17 Example of the distance matrix and the adjacency matrix of five-room example 

 

𝒇𝟏 = ∑ ∑ 𝒅𝒊𝒋 ∗ 𝒂𝒊𝒋

𝑵

𝒋=𝟏

𝑵

𝒊=𝟏

 

 
(2-12) 
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 Minimize room damage vulnerability due to the attack 

Room damage vulnerability is defined as a summation of multiplication of the 

probability being damaged and room importance factor. Similar with bulkhead damage 

vulnerability of 1st stage arrangement problem, ship has a probability of being attacked 

along her length, width, and height. So if a certain room is placed in the certain position of 

the ship, the room has its own probability of damage according to its x, y, and z positions 

as shown in Figure 2-18. And the probability of damage is denoted as 𝑝𝑖. 

 

Figure 2-18 Probability of damage along the ship length, width, and height 

If a specific room is damaged, the room contains various equipment, and it also damages 

the equipment. Further, if the room has the more important equipment, it can be regarded 

the room is more important. Importance factor of the room is defined by summation of a 

multiplication of the equipment’s important and quantity in the room as shown in Figure 

2-19. And the importance factor of the room is denoted as 𝑒𝑖. 

 

Figure 2-19 Importance factor of room 
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And if more important rooms are arranged at positions with low probability of damage, 

it can be said that the vulnerability of the whole ship is lowered. Therefore, the objective 

function of room damage vulnerability due to the attack can be defined as minimization of 

summation of multiplication with room damage probability and importance factor of the 

room. It can be represented as equation (2-13) and n is the number of room.  

 𝒇𝟐 = ∑ 𝒑𝒊

𝒏

𝒊=𝟏

∗ 𝒆𝒊 

 

 

(2-13) 

With this idea, applying this method to naval ship, the room damage vulnerability can 

be obtained after following process in Figure 2-20. 

 

Figure 2-20 Flow of calculate room damage vulnerability 
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 Define characteristics of the threats 

In this study, three kinds of threats, ASM, torpedo, and mine are considered the 

same as 1st stage arrangement.   

 Set probability density function of aiming point along the ship 

Depending on the type of threat, the probability density function has a different 

formula. As mentioned before, the three kinds of threat type were considered in this 

study and their probability density function along the x, y and z-direction are shown 

as follow equation. 

- Anti-ship missile 

  𝐼𝑚𝑝(𝑥) = {
4𝑥,   𝑥 ≤ 0.5

−4𝑥 + 4 ,   𝑥 ≥ 0.5
 

 
(2-14) 

𝐼𝑚𝑝(𝑦) = 2((𝑦 − 0.5)2 +
5

12
) 

 

 
(2-15) 

𝐼𝑚𝑝(𝑧) = 2𝑧 

 
(2-16) 

- Torpedo 

𝐼𝑚𝑝(𝑥) =
1

√2𝜋𝜎
∗ 𝑒𝑥𝑝 [−

1

2𝜌2
∗ (𝑥 − 0.4)2] 

 
(2-17) 

       𝐼𝑚𝑝(𝑦) = 2((𝑦 − 0.5)2 +
5

12
) 

 
(2-18) 

𝐼𝑚𝑝(𝑧) = −2𝑧 + 2 

 
(2-19) 
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- Mine 

𝐼𝑚𝑝(𝑥) = {
0,      𝑥 ≤ 0.5

8𝑥 − 4 ,   𝑥 ≥ 0.5
 

 
(2-20) 

𝐼𝑚𝑝(𝑦) = 2((𝑦 − 0.5)2 +
5

12
) 

 
(2-21) 

𝐼𝑚𝑝(𝑧) = −2𝑧 + 2 

 
(2-22) 

 Set damage function for given warhead charge 

According to the J.S.Przemieniecki, 1990, Damage function means the expected 

fraction of the target destroyed when the warhead impacts at a distance r from the 

target. When assume 𝑑(𝑥, 𝑦)  as the probability of target destruction when the 

weapon impact is at (𝑥, 𝑦). The lethal radius of the weapon (𝑅) and the distance 

between impact point and the target (𝑟) have a relation as show in Figure 2-21.   

If the distance between certain target and the impact point is shorter than weapon’s 

lethal radius (𝑟 ≤ 𝑅), target must be destroyed by the weapon. But, if the target is 

placed further than the weapon’s lethal radius (𝑟 > 𝑅), the target cannot be destroyed.  

 

Figure 2-21 Relation between lethal radius of the weapon and the target position 
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Therefore, the probability of target destruction 𝑑(𝑥, 𝑦) can be represented as 

equation (2-23). 

𝑑(𝑥, 𝑦) = 
1 ; 𝑟 ≤ 𝑅

0 ; 𝑟 > 𝑅
 

 
(2-23) 

In 𝑟 ≤ 𝑅  situations, damage function 𝑑(𝑟)  can be considered and there are 

various types of typical damage functions such as Gaussian, Exponential, Inclined 

step and Log-normal functions. And it is known that the Log-normal distribution 

probability the most accurate representative of the damage function. Equation (2-24) 

represents slightly modified form of log-normal damage function introduced by 

Bridman.  

𝑑(𝑟) = 1 − ∫
1

√2 ∙ 𝜋 ∙ 𝛽 ∙ 𝑟
∙ 𝑒𝑥𝑝 [−

𝑙𝑛2(
𝑟
𝛼

)

2𝛽2 ]
𝑟

0

𝑑𝑟 

 
(2-24) 

Where, the constants of the equation (2-24) are as follow: 

 𝛼 = √𝑅𝑆𝑆𝑅𝑆𝐾 

 
(2-25) 

𝛽 =
1

2√2𝑧𝑠𝑠

ln(
𝑅𝑠𝑠

𝑅𝑠𝑘
) 

 

 
(2-26) 

𝑅𝑆𝐾: the sure kill radius which means that d(𝑅S𝐾) =0.98 

 
(2-27) 

𝑅𝑆𝑆: the sure save radius which means d(𝑅𝑠𝑠)=0.02 

 
(2-28) 

zss = 1.45222 

 
(2-29) 
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Therefore, the probability of damage when the target is placed distance ‘𝑎’ from 

the impact point can be defined as damage function and set damage function as 

following equation (2-30). 

𝐷𝑎𝑚(𝑎) =
1

√2 ∙ 𝜋 ∙ 𝛽 ∙ 𝑎
∙ 𝑒𝑥𝑝 [−

𝑙𝑛2(
𝑎
𝛼

)

2𝛽2 ] 

 
(2-30) 

 
  

 Calculate probability of damage (𝑝𝑖) 

A probability density function and damage function was determined through a 

series of processes. In this step, the probability of damage of a certain room have to 

be determined. Assume a rectangular room which has its boundary of 𝑥1,  𝑥2,  𝑦1, 𝑦2,

𝑧1, 𝑎𝑛𝑑 𝑧2 . The probability that the inside of the room at these boundaries is 

damaged can be indicated by multiplying the probability of being attacked in a 

boundary and the probability of damage of the inner boundary according to the 

distance from the attack point. Therefore, the probability of damage (𝑝𝑖) within the 

boundary can be denoted by the equation (2-31). And the expansion formulas of the 

probability corresponding to each weapon of the threat are described in Appendix B. 

𝑝𝑖 = ∫ 𝐷𝑎𝑚(𝑎)
𝑎

0

∫ 𝐼𝑚𝑝1(𝑥)
𝑥2−𝑎/2

𝑥1+𝑎/2

∫ 𝐼𝑚𝑝2(𝑦)
𝑦2−𝑎/2

𝑦1+𝑎/2

∫ 𝐼𝑚𝑝3(𝑧)𝑑𝑧𝑑𝑦𝑑𝑥𝑑𝑎
𝑧2−𝑎/2

𝑧1+𝑎/2

 

 
(2-31) 

 Calculate room importance factor (𝑒𝑖) 

Considering the equipment in each room, the importance of the room is defined 

as shown in the following Table 2-11Table 2-11 Example of the room importance 

factor (𝒆𝒊). 
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Table 2-11 Example of the room importance factor (𝒆𝒊) 

Class Importance factor(𝒆𝒊) Class Importance factor(𝒆𝒊) 

OR 1.0 EQ 1.55 

CR 1.0 ER 3.2 

SB 1.0 GA 1.0 

BR 3.0 SO 1.0 

COR 1.0 XO 1.0 

HC 1.5 COM 1.8 

CC 3.0 

 Calculate ship vulnerability  

Finally, ship vulnerability can be calculated by summation of multiplication of the 

room importance factor and damage probability over the entire room. 

Table 2-12 Room importance factor and damage probability 

No. Room importance factor Damage probability 

1 e1 𝑝1 

2 e2 𝑝2 

3 e3 𝑝3 

4 e4 𝑝4 

⋮ ⋮ ⋮ 

n en 𝑝n 
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 Constraints  

The constraints of this optimization stage contains required minimum area of each room 

and required deck of rooms as shown in Table 2-13. 

Depending on its purpose, the room has its required area. For example, since the engine 

room needs to accommodate the engine, the area is required accordingly, and the command 

and control room needs the area which is suitable for the purpose of command with various 

equipment. Therefore, through this constraints, the room would have an appropriate area 

suitable for their own functions.  

As similar with above constraints, certain room has its required deck. For example, 

bridge room has to be placed on a deck which is high enough to see the hazards for the ship. 

And in case of heli-cargo, it is easy to maintain or repair when it is on the helideck and 

extension deck. Therefore with this constraint of required deck of rooms, the room can be 

placed on the proper deck of its purpose. 

 

Table 2-13 Constraints of the 2nd stage optimization problem 

Constraints 

Required minimum area of each room  𝑔𝑘 = 𝑎𝑘
𝑚𝑖𝑛 − 𝑎𝑘 ≤ 0 

Required deck of rooms  𝑔𝑗 = 𝐻𝑑𝑒𝑐𝑘𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 − 𝐻𝑑𝑒𝑐𝑘𝑟𝑜𝑜𝑚 ≤ 0 
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 Prototype program 

 Configuration of prototype program 

To apply the method proposed in this study, the prototype program is developed. 

Prototype program was developed based on C# language and WPF (Windows Presentation 

Foundation, http://msdn.microsoft.com/) in .Net 4.0 environment. By using this program, 

users can find the optimal arrangement and confirm it easily. Figure 3-1 Figure 3-1 

Configuration of prototype program represents user interface component of the prototype 

program. 

 

Figure 3-1 Configuration of prototype program 
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Figure 3-2 Components of the prototype program 
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Prototype program has six components as shown in Figure 3-2. At first, 3D modeling 

library which expresses naval ship model based on mesh geometry was developed. And 

three calculation library which can calculate stability, operability, and survivability each 

were developed. Then, developed the optimization module that can optimize the calculation 

result by using optimization algorithm. Lastly, 3D visualization module that can confirm 

the optimum arrangement result by 3D model was developed. 
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 3D modeling library 

The 3D modeling library has a function of modeling by mesh components, then create 

room or compartments by split the hull model, and then calculate the properties of the room 

of compartment.  

Hull form of the naval ship is streamlined shape with many curves and curved surfaces 

so has difficulty in manipulation. Therefore, using in-house code which can split model by 

mesh geometry as shown in the Figure 3-3, create shape using information of each point. 

Also, the hull is divided into compartments or rooms by each bulkheads and decks, 

therefore the model have to be split by certain plain. So, Net3dBool (http://github.com 

/Arakis/Net3dBool), an open source library which implements CSG (Constructive Solid 

Geometry) operations on meshes was used. Then, the properties of the room or 

compartment such as the center of gravity, weight were calculated using in-house code.  

 

Figure 3-3 A ship model spilt by mesh component 
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 Three calculaton libraries 

The three calculation libraries; stability, operability, and survivability calculation 

library are libraries in which implemented a method described in Chapter 2. As for a 

function is same as described in Chapter 2, so no further explanation in this chapter. The 

results are used in the optimization.   

 Optimization library 

The formulated optimization problem can be solved by optimization library. The 

NSGA-II is used in optimization and the algorithm is the open source library on 

Jmetal.NET (http://jmetal.sourceforge.net/). In order to solve the optimization problem 

consisting of various types of variables, there are several parameters according to the type 

of the variable, and appropriate parameters were selected and used according to each 

problem. 

 3D visualization library 

The 3D visualization library has a role of displaying models on the screen based on the 

models which were generated from the modeling library and calculated values through 

calculation libraries and optimization library and displaying real-time situation of 

optimization. They are displayed on the 3d visualization panel as shown in Figure 3-4. For 

3D visualization, an open source library WPF 3D (http://helixtoolkit.codeplex.com/) was 

used. And the real-time optimization situation are also displayed as shown in Figure 3-5. 

The upper part dots are constraints, which converge to the zero as the optimization 

processes, and the lower part dots are objective function values, which converge to its 

http://jmetal.sourceforge.net/
http://helixtoolkit.codeplex.com/
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optimum value after all. 

 

Figure 3-4 3D visualization of the arrangement result 

 

Figure 3-5 A real-time optimization situation plotting 
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 Verification of the proposed 

arrangement method 

As shown in Figure 2-1, the stability module, operability module, and survivability 

module were developed for evaluate ship performance. In this chapter, these three module 

were verified by simple examples. 

 Ship stability module verification 

Ship stability module was verified by commercial ship calculation program 

EzCOMPART (www.ezgraph.net). Verification was conducted with two models: box 

model and ship model.  

 Box model 

 

 

 

At first, verification was conducted using a box model which has dimensions as shown 

in Figure 4-1. And verification result was as shown in Table 4-1 and Table 4-2. Verification 

results in the box model, it was confirmed that the GZ values are almost same. 

 

23 
Figure 4-1 Dimensions of the box model 
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- Intact state 

Table 4-1 Stability module verification result (intact state, box model) 

Heel(Deg.) 
GZ(m) 

Difference 
EzCOMPART This study 

0.0 0.000 0.000 0.000 

10.0 0.050 0.050 0.000 

20.0 0.100 0.090 0.010 

30.0 0.140 0.150 0.010 

40.0 0.180 0.170 0.010 

50.0 0.220 0.220 0.000 

60.0 0.180 0.180 0.000 

- Damage state 

Table 4-2 Stability module verification result (intact state, box model) 

Heel(Deg.) 

GZ(m) 

Difference 
EzCOMPART This study 

0.0 0.000 0.000 0.000 

10.0 0.019 0.018 0.001 

20.0 0.038 0.037 0.010 

30.0 0.055 0.054 0.010 

40.0 0.071 0.070 0.010 

50.0 0.085 0.085 0.000 

60.0 0.044 0.044 0.000 
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 Ship model  

 

 

 

Secondly, verification was conducted using a ship model which has dimensions (length, 

width, and height) same with the box model and shape as Figure 4-2. And verification result 

was as shown in Table 4-3 and Table 4-4. As a result of verification, the error has been 

slightly increased compared to the box model. This seems to be an error that arises because 

the model applied to this module and the model applied to the commercial program, 

EzCOMPART, are not exactly the same, rather than the error which was caused by the free 

formation. 

- Intact state 

Table 4-3 Stability module verification result (intact state, ship model) 

Heel(Deg.) 
GZ(m) 

Difference 
EzCOMPART This study 

0.0 0.000 0.000 0.000 

10.0 0.340 0.330 0.010 

20.0 0.670 0.730 0.060 

30.0 0.950 1.040 0.090 

40.0 1.210 1.400 0.190 

50.0 1.460 1.550 0.090 

60.0 1.360 1.379 0.080 

Figure 4-2 Shape of the ship model 
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- Damage state 

Table 4-4 Stability module verification result (damage state, ship model) 

Heel(Deg.) 
GZ(m) 

Difference 

EzCOMPART This study 

0.0 0.000 0.000 0.000 

10.0 0.320 0.313 0.007 

20.0 0.630 0.704 0.074 

30.0 0.910 1.091 0.181 

40.0 1.160 1.301 0.141 

50.0 1.390 1.474 0.084 

60.0 1.330 1.301 0.029 
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 Operability module verification 

To verify operability module, adopted the algorithm to the simple example. Six rooms 

are considered to be arranged: Engine room (ER), Equipment room (EQ), Officers room 

(OR), Galley (GA), Crew room (CR), Sick bay (SB). And initial arrangement is as shown 

in Figure 4-3.   

 

Figure 4-3 Initial arrangement for operability module verification 

Adjacency matrix of these rooms is as shown in Figure 4-4. As represented in this figure, 

adjacency between ER and CR has the lowest value and that of CR and SB has the highest 

value. In other words, ER and CR have to be placed further away, and CR and SB have to 

be placed pretty closer. 

 

Figure 4-4 Adjacency matrix for operability module verification 
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Distance between the rooms was calculated as shown in the Figure 4-5. The midpoint 

of the room was set as a node, adopted Dijkstra’s algorithm for finding the shortest path. 

In operability module, inclined ladder, room entrances, path node were all considered, but 

in this simple example, only the node was considered.  

 

Figure 4-5 Distance between rooms for operability module verification 

Verification result are shown in Figure 4-6. As compared to the initial arrangement, the 

arrangement were changed. We can confirm that CR and SB, which has the highest adjacency value 

were located closest, conversely, ER and CR, which has the lowest adjacency value were located 

further away. And such arrangement is consistent with what we intended. Also adjacency index has 

decreased as shown in Table 4-5.  

 

Figure 4-6 Result of operability module verification  
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Table 4-5 Adjacency index of two arrangements 

 Adjacency Difference 

Manual 4 -9 

(200% better than before 

optimization) Optimized -5 
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 Survivability module verification 

To verify the survivability module, the simple compartment which has five 

compartments and four bulkheads as shown in Figure 4-7 is considered.  

 

Figure 4-7 Initial position for the survivability module verification 

Also, two impact point distributions as shown in Figure 4-8 are assumed and 

investigated the change of the bulkhead position. In the first case, impact points are 

distributed concentrating on the center part. And the second case, impact points are 

distributed concentration on the slightly left part from the center. The number of impact 

points was set to fifty which is same in the two cases. 

Verification result are as shown in Figure 4-9. In the first case, the positions of the 

bulkhead have changed so that the center part is wider than the initial arrangement. In the 

second case, the positions of the bulkhead have also changed and the second room became 

wider. As described in the previous chapter, the explosive pressure acting on the wall is a 

function proportional to the distance. Therefore, the result can be considered reasonable 

that the interval of bulkheads between the dense explosive points becomes wider.  



 65 

 

Figure 4-8 Two cases of impact point distribution for the survivability module verification 

 

Figure 4-9 Result of the survivability module verification 
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 Application  

In order to verify the proposed arrangement method, the method was applied to a 7000-

ton class destroyer. US navy’s DDG-51 class was applied on the hull shape and general 

specification. General specification of the ship is as shown in Table 5-1. The external shape 

is as shown in Figure 5-1. 

Table 5-1 General specification of DDG-51 

Specification 

Displacement 
Light : approx. 6900ton 

Full : approx. 9000ton 

Length 154m 

Beam 20m 

Draft 9.4m 

 

Figure 5-1 External shape of DDG-51 
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 1st stage, optimal bulkhead arrangement  

At first, optimal bulkhead arrangement has to be conducted. The hull model for the 1st 

arrangement stage is as shown in figure 5-2.  

 

Figure 5-2 Hull model for bulkhead arrangement 

As input information, the utility of the tank and compartment have to be determined. It 

could be the best to make it same as the actual ship, but it cannot be accessed due to military 

security, so compartment and tank utilities are assumed in this study. Over this application 

chapter, it should be said beforehand that there are some assumptions due to the same 

reason.  

Also the loading condition should be determined. There are two loading conditions of 

the naval ship: minimum operation condition and full loading condition. For each weight 

condition, load distribution in the longitudinal direction will be different because while 

operating the ship, if there are tanks and loads unchanged during the operation, there also 

will be loads that changes as they were consumed during the operation. And according to 

the load distribution, the bending moment of the ship and various hydrostatic characteristics 

will be changed. Therefore, in this study, assumed longitudinal weight distribution denoted 

as a percentage by total weight as shown in Table 5-2 according to the loading condition 

criteria of navy as shown in the Table 5-3. 



 68 

 

Figure 5-3 Compartment and tank utilities 
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Table 5-2 Longitudinal weight distribution of each loading condition 

Loading 

condition 

Station number 

1 2 3 4 5 6 7 

Minimum 

operating 

condition 

3.32 4.11 7.22 8.46 9.45 10.53 12.54 

8 9 10 11 12 13 - 

10.52 11.19 8.45 7.07 4.70 2.46 (%) 

Full loading 

condition 

1 2 3 4 5 6 7 

2.45 3.94 6.89 6.50 10.70 12.85 13.06 

8 9 10 11 12 13 - 

12.80 10.10 9.27 5.50 4.24 1.71 (%) 

 

Table 5-3 Loading condition criteria 

Items Full loading Minimum operation 

Passengers Passengers needed at emergency Equal to full load condition 

Ammunition 
Whole ammunition which can 

loaded at Ready service storage 
1/3 of full load condition 

Provision &personal store 1/3 of full load condition 1/3 of full load condition 

Storage 1/3 of full load condition 1/3 of full load condition 

F.O 95% for every tank 1/3 of full load condition 

L.O 
95% for storage tank and vacant 

setting tank 
1/3 of full load condition 

F.W full 2/3 of full load condition 

JP-4(jet aircraft oil) 95% for every tank 1/3 of full load condition 

Aircraft & equipment Load by specification – aircraft Equal to full load condition 

Water ballast tank Assume vacant Assume empty 

ART(anti-roll tank) At operating level At operating level 

Sewage holding tank Assume vacant 100% full 
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When a part of the ship is flooded, each compartment has a ‘permeability’ according to 

its utility. The permeability of a space is the proportion of the immersed volume of the 

space which can be occupied by water. When the compartment flooded, apply the 

permeability as shown in Table 5-4. Also, permeability that is not mentioned in the table 

above areas were assumed properly. 

Table 5-4 Permeability of spaces 

Space 

Permeability 

Full load Minimum Operation 

Living space 0.95 0.95 

Offices, radio room, 

I.C rooms 
0.95 0.95 

Shops 0.90 0.90 

Pump room 0.90 0.90 

Steering gear 0.90 0.90 

Auxiliary machinery 0.85 0.85 

Stores and provisions 0.80~0.90 0.95 

Refrigerator spaces 0.80 0.90 

Empty tanks and voids 0.98 0.98 

Magazines 0.60~0.80 0.95 

Handling rooms 0.80 0.95 

Torpedo stowage 0.70 0.95 

Cargo 0.60~0.80 0.95 
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To evaluate damage stability criteria, damage cases have to be defined. According to 

the navy criteria, eight cases of damage are assumed as in Figure 5-4. 

 

Figure 5-4 Eight kinds of damage cases 
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Optimization parameters, population size and generation being used for this stage are 

as shown in the Table 5-5.   

Table 5-5 Parameter, population size and generation for optimization 

Parameters Population size Generation 

Crossover SBX crossover 

100  100,000 Mutation Polynomial mutation 

Selection Binary tournament2 

As a result, the positions of the bulkhead and deck are changed as follows and improve 

the objective function as shown in Figure 5-5, Table 5-6, and Table 5-7. 

 

Figure 5-5 1st stage optimization result 
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Table 5-6 1st stage optimization result (objective functions) 

 Min. Bending moment 

[KN∙ m] (𝑓1) 

Min. Tank Volume 

[𝑚3] (𝑓2) 

Min. Vulnerability 

[GPa] (𝑓3) 

Manual 148,687.3 4,071.2 10.26 

Optimization 144,961.4 (-2.5%)  3,532.8 (-13%) 5.32(-48%) 

 

Table 5-7 1st stage optimization result (design variables) 

 𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7 𝑥8 𝑥9 𝑥10 𝑥11 𝑥12 𝑧1 𝑧2 𝑧3 𝑧4 𝑦1 𝑥𝑡𝑘 

Manual -64.2 -53.7 -41.5 -29.1 -17.8 -5.4 5.7 17.2 29.7 40.8 52.7 66.0 -2.4 -4.5 1.6 4.5 -4.5 -23.4 

Optimization -64.2 -53.9 -41.4 -29.0 -17.1 -4.9 5.4 17.9 29.4 40.5 52.8 66.1 -2.7 -4.8 1.6 4.5 -4.9 -23.5 

 

Analyzing the results of optimization, the position of the bulkheads and decks changed 

not significantly, but among them, it can be confirmed that the bulkhead of the mid-ship 

part and the bow part moved relatively more it was. For the objective functions, the bending 

moment has decreased by 2.5% due to the slight change of the position of bulkheads, and 

tank volume also decreased by 13%. However, the vulnerability was 48% decreased, 

confirming that there are a lot of improvement.  

Analyzing this, the probability of being hit was higher in the center part of the ship in 

the case of torpedo and ASM, and in the case of the mine, the hit probability was higher in 

the bow part of the ship. Therefore, it can be expected that the change of the position of the 

bulkhead at these parts were improved the objective function by considering these factors. 
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 2nd stage, optimal room arrangement  

Secondly, the 2nd stage, optimal room arrangement was conducted. For the room 

arrangement, another twelve kinds of thirty three room were considered as shown in Figure 

5-6. And adjacency matrix between each room was determined as in Figure 5-7. 

 

Figure 5-6 Compartment information of the 2nd stage 

 

 

Figure 5-7 Adjacency matrix of the 2nd stage 
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To calculate distance between rooms, the entrance doors, passage nodes, and inclined 

ladders are considered as shown in Figure 5-8. As a method of finding the distance between 

two rooms, for example, when moving room ‘a’ to ‘h’, there may be two cases of possible 

paths to move through node as shown in Figure 5-9. Using Dijkstra’s algorithm, the path 

between ‘a’ to ‘h’ is determined as path 2 the shortest path among various paths. 

 

Figure 5-8 Room entrance doors, passage nodes, and inclined ladders for the 2nd stage 

 

Figure 5-9 Find the shortest path between the rooms 
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For optimization, the design variables such as the layout of rooms and positions of 

passages, have to be expressed in a certain way. Therefore, in this study, design variables 

are encoded in the form of chromosomes as shown in Figure 5-10. The chromosome is 

divided into two parts.  

In the first part, it contains room arrangement information and it is represented as a 

sequence of room arrangement. As shown in the figure 5-10, room sequence from the main 

deck to the O-2 deck is determined as a form of an array of integer numbers. And each 

room has its own sequence number so the arrangement can be also shown as shown in 

Figure 5-11.  

 

Figure 5-10 Encoding of design variables of 2nd stage 
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Figure 5-11 Examples of room arrangement 

For the similar way, the second part contains passage positions. Each passage has its 

name such as LP1 (left-side passage 1.), VP1 (Vertical passage 1) and CP1 (Center passage 

1). The framework of the passages is predetermined, and in the framework, the positions 

of passages changed. For example, the longitudinal passage such as LP, RP, and CP can 

move to port or starboard and the vertical passage such as VP can move to bow side of 

stern side. Figure 5-12 shows that the encoding and decoding process.  

 

Figure 5-12 Encoding and decoding process 
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The parameters, population size, and generation used in the stage are as shown in Table 

5-8. In 2nd stage optimization, the type of design variables are different from each other. 

The design variable of passage position is represented as real values, and that of room 

sequence is represented as a permutation. So, entire design variable is in a form of a mixture 

of real values and permutation. Therefore the parameters are represented as mixed type as 

shown in below.  

Table 5-8 Parameter, population size and generation for optimization 

Parameters Population size Generation 

Crossover SBXPMX Crossover 

1,000  100,000 Mutation Polynomial Swap Mutation 

Selection Binary Tournament 

As a result, the arrangement of the room changed as follow. Analyzing the result, the 

room of similar utilities are arranged closer while grouping some kinds of the zone. The 

zones are represented as a crew zone, officer zone, repair zone, and so on. And it is 

considered that these grouping improved adjacency index. Also, the rooms which have high 

importance index such as equipment room are arranged on low hit probability area. This is 

considered to be the cause of improving the second objective function; room damage 

vulnerability. The objective function value are as shown in the Table 5-9 and the entire 

optimization history is shown in Figure 5-14. 
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Figure 5-13 Result of the 2nd optimization stage 

Table 5-9 2nd stage optimization result (objective functions) 

 Min. Adjacency index (f1) Min. Vulnerability index (f2) 

Manual 20,292.33 0.133 

Optimization 17,978.59 (-11%) 0.126 (-5.2%) 

 

Table 5-10 2nd stage optimization result (design variables) 

 𝑦1 𝑦2 𝑦3 y4 𝑦5 𝑦6 𝑦7 𝑦8 𝑥1 𝑥2 

Manual 4.4 14.7 12.4 5.4 3.1 6.4 5.7 5.9 -34.4 33.8 

Optimization 5.0 14.3 8.4 5.2 4.5 7.7 5.4 4.2 -32.8 34.5 



 80 

 

Figure 5-14 Optimization history of two stages 
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 Conclusions and future works 

 Conclusions 

In this study, the method proposed to efficiently solve the problem of complicated naval 

surface ship arrangement. The target of this study contains two parts; bulkhead and deck 

arrangement of the hull and room and passage arrangement of superstructure. At this time, 

multiple required performance such as survivability, operability, and survivability were 

considered at once, and to solve these complicated problem efficiently optimization was 

used.  

The entire optimization problem was divided into two parts, firstly optimal bulkhead 

arrangement. Considering several objective functions and constraints, if the arrangement 

of the bulkheads and decks has done, then move to the next stage, the optimal room 

arrangement. If the two stages are completed, conduct stability verification and if stability 

of the arrangement verified, the optimum arrangement can be obtained.  

To confirm the effectiveness and usefulness of the proposed method, the prototype 

program was developed. The program consists of several libraries such as 3D modeling 

library, calculation libraries, optimization library, and 3D visualization library. Through 

application of this method to the program, it was easy to perform arrangement optimization 

and obtain the solution. Also, the 7000-ton destroyer was applied to this program. 

Through these methods, it is possible to support the ship design so that the compartment 

arrangement that takes into consideration all the stability, operability and survivability can 

be done from the preliminary design stage. Also, it would be possible to evaluate 
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quantitatively already completed arrangements from various performance points of view. 

Therefore, the method can contribute to quick and rational decision making.  

 Future works 

For future work, the optimal arrangement prototype program will be refined so that the 

user can input more information on the program. Currently, such contents are included in 

the code as input information, but plan to improve so that the users will be able to input 

several information directly. By this, the usability of the program will be increased. 

Also, Moreover, in addition to the standards and rules applied in this research, we will 

apply an expert system that systematically reflects the knowledge of naval ship experts and 

uses it for evaluation of arrangement alternatives. By using the expert system, even if more 

restrictions and requirements arise, designers will be able to make arrangement alternative 

selection promptly and reasonably. 
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A. Process of the naval ship 

arrangement design in the preliminary 

design stage 

In the preliminary design stage, there are several steps to conduct an arrangement design. 

At first, confirm the arrangement requirements presented by the navy. And set priority of 

the arrangement. There are many navy ship performances such as combat performance, 

mobility, survivability, operability and so on, and while doing the arrangement, these ship 

performances can conflict with each other. Therefore, the priority of the arrangement will 

be needed in these situations. Then, the concept of the arrangement have to be set. There 

are subdivided arrangement concepts, such as compartment arrangement, deck 

arrangement, vital space arrangement, Engine room arrangement, and sensor & weapon 

arrangement and so on. Generally, each arrangement design is done by experts of 

corresponding fields, then, by comprehensively put together them, the initial general 

arrangement plan is made. Before set the initial general arrangement plan, there are several 

design reviews which are held by multiple stakeholders, such as navy, a ship building yard, 

and Defense acquisition program administrations. In the design review, they confirm many 

things such as whether requirements are adequately reflected in the initial arrangement plan 

and whether there are no other problems. Then after these processes, an initial arrangement 

plan is determined. In the next step, designing will be done through a similar process with 

more detailed information. And the entire process is same with the following figure. 
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B.  Probability of damage lying between 

the boundaries 

B-1. ASM(Anti-ship missile) 

Impact functions are as follows. 
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B-2. Torpedo 

Impact functions are as follows. 
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B-3. Mine 

Impact functions are as follows. 
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국문 초록 

복원성, 운용성 및 생존성을 고려한 함정의 

최적 배치 설계 방법 

초기설계 단계에서 함정 배치 설계 시에는 함정의 복원성, 운용성 및 

생존성 등 여러 가지 사항을 한꺼번에 고려하여야 하며 이들을 모두 

고려하면서 좁은 함정의 공간 내에 많은 격실 들을 배치하여야 하기 때문에 

많은 설계 대안이 생길 수 있는 복잡한 문제이다. 하지만 실제 함정 배치 

설계 시에는 대부분 설계자의 경험이나 실적함을 바탕으로 설계를 진행하며, 

배치 안을 정량적으로 평가할 수 있는 방법이 부재한다. 이로 인하여 설계가 

진행됨에 따른 설계 변경의 확률이 높아진다.  

따라서 본 논문에서는 복원성, 운용성 및 생존성을 고려한 함정 배치 

최적화 방법을 연구하였고, 함정 최적 배치 프로그램을 구현하였다. 첫째, 

함정의 배치 정보를 나타내기 위한 자료구조인 ‘함정 템플릿 모델’을 

설계하였다. 둘째, 초기설계 단계에 맞게 함정의 복원성, 운용성 및 생존성을 
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정량적으로 나타낼 수 있는 방법을 제안하고 이를 평가할 수 있는 모듈을 

구현하였다. 셋째, 함정의 격벽 및 격실 배치의 최적화를 위한 함정 배치 

문제를 수학적으로 정식화 하였으며, 정식화 된 문제의 설계변수, 목적함수, 

제약조건 등을 바탕으로 최적 설계 안을 도출해 내는 최적화 모듈을 

구현하였다. 마지막으로, 이들 결과를 3D 로 가시화 해 주는 사용자 

인터페이스를 구현하였다. 

이러한 방법의 유효성 검증을 위하여 제안된 방법을 7000 톤급 구축함 

예제에 적용해 보았으며 적용 결과 본 연구가 함정 초기설계 단계의 배치 

설계에 하나의 검증도구로 사용될 수 있음을 확인하였다.   

 

Keywords: 함정, 배치설계, 최적화, 복원성, 운용성, 생존성  
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