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Abstract

Optimal Arrangement Method of Equipment and
Pipes in the Engine Room of a Ship

The arrangement design of a ship’s engine room must consider various factors,
including interference from equipment and pipe located in the engine room, design
rules, previous ship data, and expert knowledge. The arrangement design process
for ships with many complex and customary areas relies on previous ship data and
experts’ design experience or know-how. During the pipe routing design process,
pipe routing relies on experts’ design experience and know-how. In order to
complement the pipe routing of ships that rely on experts, this study propose a
pipe routing optimization method by constructing an expert system that can
systematize expert knowledge and combine it with optimization techniques. An
Arrangement Template Model is constructed to represent the data structure, and
an Arrangement Evaluation Model is used to evaluate the expert knowledge of
real experts and computerize it systematically. The optimal arrangement results
evaluated by the Arrangement Evaluation Model are used as the objective function
of the optimization problem. For deriving an optimized design proposal by
reviewing multiple designs in a short time, the optimization technique is combined

with the expert system, and the optimization problem is formulated using it.



This study proposes a two-stage optimization method to perform the optimal
arrangement design for the engine room effectively. The 1st stage performs the
optimal arrangement of the deck's height and the equipment's location and
orientation. In the Ist stage, objective functions are set to minimize the volume
occupied by the equipment arranged in the engine room, minimize the length and
bends of pipes and ducts, maximize the space availability, and maximize the
feasibility of expert knowledge. In particular, to consider the results of the pipe
routing design in the 1st stage, the optimal arrangement method is proposed that
can consider pipe routing results together during the equipment arrangement stage
of the ship. In addition, to effectively utilize the expert's knowledge and
experience in the arrangement design, an expert system is used to calculate the
feasibility of the expert's knowledge. As constraints, the installation availability
of the equipment and a subset of the expert knowledge are considered. Various
global optimization methods were compared for the optimization algorithm, and

the most suitable algorithm to perform the optimal arrangement was selected.

The 2nd stage optimizes the routing of the pipes and ducts connecting the
arranged equipment. In each step, the objective function is set to minimize the
volume occupied by the equipment arranged in the engine room, minimize the
length and bends of pipes and ducts, maximize the space availability, and
maximize the feasibility of expert knowledge. As a route generation algorithm in
the 2nd stage, various route generation algorithms were examined, and the Jump
Point Search (JPS) algorithm was utilized to perform pipe routing in this study.

To verify the effectiveness of the proposed method, the optimal layout of the

il



engine room of a 320,000-ton deadweight very large crude carrier (VLCC) was
performed. The results showed that the proposed method could derive the optimal

arrangement for the decks, equipment, and pipes inside the ship’s engine room.

In future work, to improve the limitations of this study, which considers only
major equipment, additional arrangement designs for equipment other than the
major equipment will be considered. In the pipe routing process, various
optimization methods and route generation methods will be evaluated to improve
the calculation time. In addition, pipe routing methods that consider various
bending angles will be studied, and additional expert knowledge that considers the

characteristics of each pipe (flow rate, branch pipes, etc.) will be further developed.

Keywords: Engine room arrangement, optimal arrangement, pipe routing, expert system,

optimization technique, pathfinding algorithm

Student number: 2016-29166
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Introduction

1.1. Research Background

Vessel equipment/pipe routing design involves many considerations, such as
selecting necessary equipment, selecting equipment location and direction, and
selecting pipe routing. Due to the many variables, there are various arrangement
designs, and optimization techniques are required to examine multiple design
alternatives. In addition, due to the characteristics of ship arrangement design,
where there are various design rules and requirements, ship arrangement design
relies on previous ship data, expert knowledge, and experience. These extensive
considerations make designers perform rigid designs that rely on previous designs.
It also makes it difficult for designers to attempt and review various designs. Also,
in the absence of experts, design modifications and iterations occur due to

incorrect designs. The description is shown in Figure 1.
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(uses much time, labor, and unnecessary effort)

In the absence of experts, design
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Figure 1. The necessity of the arrangement method

To improve the arrangement process, a system that can systemically express
knowledge and experience and review various designs is required. In this study,
an equipment and pipe arrangement method using a combination of optimization
techniques and expert systems is proposed. In the optimal equipment arrangement
process, to determine the position of decks and equipment, the occupied volume
of the engine room, the length and the number of bends of pipes, space availability,
and feasibility index by the expert system are set as objective functions. For
estimating the length and number of bends of pipes, simplified pipe routing is
performed. By performing simplified pipe routing in the equipment arrangement
process, design modifications and iterations due to incorrect designs could be

reduced. The description is shown in Figure 2.

-

/

N,

To-Be : Optimal Arrangement Method of Equipment and Pipes in the Engine
Room of a Ship

Optimal arrangement Consider pipe routing at the equipment
performed using an arrangement stage by accounting for the
expert system economics and space availability of pipe routes

............................

Perform the optimal arrangement using expert knowledge and pipe routing

Figure 2. Improvement of the proposed arrangement method in this study




As for the optimization method, various global optimization algorithms are
reviewed, and the most suitable method is selected for this study. In the pipe
routing process, the nodes of pipes connecting the equipment determined in the
previous process are constructed, and the objective functions are set as the total
length of pipe routes, total number of bends, space availability, and the feasibility
index for expert knowledge. As in the equipment arrangement process, pipe
routing utilizes an expert system to apply a feasibility index for expert knowledge.
For route generation, the most appropriate method for this study is selected to
perform pipe routing. In this process, various methods are applied to perform pipe
routing with appropriate speed and accuracy. The design area is proposed
considering the space availability, and the dynamic grid method is utilized to
improve the calculation speed of the grid-based pathfinding method. The entire

arrangement process is summarized in Figure 3.



Simplified pipe routing

Equipment
Arrangement for N
Ship’s Engine Room >

Repealt optimization {f £

Pipe Routing for
Ship’s Engine Room

Review Arrangement

Figure 3. Arrangement process in this study

There are too many considerations and time to perform the equipment
arrangement and pipe routing in the engine room at one time, which is the scope
of this study. To improve the calculation speed of the arrangement design, decks,
equipment, and pipes in the engine room are arranged through 2 stages. And to
consider pipe rerouting in the 1st stage, a simplified version of pipe routing is
performed in the 1st stage. However, the two-stage optimization method means
that the optimization results may be different from the result calculated in a single
stage. Therefore, if a constraint is violated in the 2nd stage, the Ist stage of the
optimal arrangement is repeated again. With the proposed method, the designer
will be able to present an optimized arrangement design. It is expected that the
proper early-stage design, presented through this method, could reduce the

production cost of the ship. (Shao et al., 2009).
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1.2. Related Works

Related studies on ship arrangement and expert knowledge used in this study
are classified into related works on arrangement design for a ship using expert
knowledge, equipment arrangement for a ship, and pipe routing for a ship. There
are several previous studies that have applied expert knowledge to ship
arrangements. Kim and Roh (2016) performed optimal bulkhead arrangement and
equipment arrangement using an expert system for a submarine. The study is
significant in that it carried out an optimal design using a standardized expert
system based on expert knowledge. Kim et al. (2017) proposed an expert system
to apply expert knowledge to offshore topside arrangements. Li et al. (2019)
performed an optimal arrangement considering expert knowledge to optimize the
performance and stability of the cabin equipment. Lee et al. (2021) performed the
optimal arrangement of equipment considering expert knowledge to maximize the
coverage of the ship’s firefighting equipment. The bulkheads and equipment
arrangement inside the engine room were performed together, and pipe routing
was performed together. In addition, in order to systematize expert knowledge and

apply it, an expert system was used together to perform an optimal arrangement.

In order to improve previous studies, this study performed bulkheads and
equipment arrangement inside the engine room together and performed pipe
routing together. In addition, in order to systematize expert knowledge and apply
it, an expert system was used together to perform an optimal arrangement. Table

1 summarizes studies that graft expert knowledge to vessel arrangement design.



Table 1. Comparison between related studies on arrangement design for ships

using expert knowledge and this study

3D

. Variables to | Bulkheads . Pipe | Expert Optimization
Studies | Target . equipment .
consider arrangement routing | knowledge | (method)
arrangement
Kim et Design area o
al. Submarine |and piping |O 0] A 0] (GA)
(2016) costs
Kim et
altfome o ko ko
017) | P &
Liet .
al. Cab-m Performgr}ce X X X A o
(2019) equipment [and stability (SLP, GA)
Leeet Firefighting | Coverage of 0]
al. equipment |equipment X X X A (MIDS)
(2021) quip quip
Piping
This [ 320K costs and
study | VLCC space 0 0 0 0 0
availability

There are various previous studies that have performed the optimal

arrangement of equipment on ships. Li et al. (2019) performed an optimal

arrangement considering expert knowledge to optimize the performance and

stability of the cabin equipment. Gunawan et al. (2021) performed the optimal

equipment arrangement for the ship’s engine room. They optimized the locations

of the equipment for each deck, and the piping cost considering the height of the

deck was calculated and used as the objective function. Table 2 summarizes

studies related to equipment arrangement design for a ship.




Table 2. Comparison between related studies on arrangement design for and this

study
. Variables to 3D Pipe Expert Optimization

Studies Target consider arrangement | routing | knowledge [(method)
Lietal. Cabin Performance X X A o
(2019) equipment |and stability (SLP, GA)
Gunawan .
et al. Shllfi) ment Piping cost A A X ?G A)
(2021) quip
Leeetal. |Firefighting | Coverage of X X A O
(2021) equipment |equipment (MIDS)
Wang and | Underwater .
Chen detection ﬁ:ijtacency and X A X (OG A)
(2021) ship

Adjacency,
Louvros et evacuation 0
al. Cruise ship | flow and X X X (GA)
(2022) sound

pollution

Piping costs O
This study 320K and space O 0] o (Gl.Obfdl .

VLCC AR optimization
availability .
algorithm)

Various studies have been conducted on optimal pipe routing. Kimura and

Ikehira (2009) performed pipe routing to minimize the piping costs and maximize

the valve operationality. They considered the valve accessibility and feasibility of

valve handling while calculating the valve operationality. Furuholmen et al. (2010)

attempted to develop an optimal pipe route by minimizing the pipe length and the

number of bends using a genetic algorithm (GA). Ando and Kimura (2011)

performed pipe routing using the Dijkstra algorithm to minimize the pipe length,




bends, and elbows. They performed tests by varying the diameter of the target
pipe and verified that the proposed method could generate a path with minimal
pipe bends and elbows. Jiang et al. (2015) used an ant colony optimization
algorithm to generate optimal pipe routes to maximize space availability. As
considered in previous studies, space availability is an index that evaluates the
efficiency with which the space in which pipes are installed is used. Most studies
have evaluated the space availability because pipes need to be close to the wall or
equipment. Lee et al. (2019) generated an optimal pipe route by minimizing the
pipe length and number of bends and maximizing the space availability using
Dijkstra algorithm. Dong and Bian (2020) proposed the A*~GA Router algorithm.
It combines the A* algorithm and GA to perform pipe routing in complex
environments on a ship. They applied this method to pipe routing for a ship’s fuel
piping system and demonstrated that it could be improved compared with other
existing methods. Gunawan et al. (2022) performed pipe routing in an engine
room using Dijkstra algorithm, considering the piping cost. To consider the design
procedure in conjunction, they used a GA to determine the best design procedure.
Recently, research on pipe routing using reinforcement learning has been
conducted. Shin et al. (2020) attempted to generate an optimal pipe route using
reinforcement learning. They performed pipe routing for seven pipelines in a
ship’s engine room. Kim et al. (2023) proposed a method capable of frequent pipe-
routing modifications using curriculum-learning-based reinforcement learning.
They verified that the proposed method enables fast pipe routing compared to

existing pathfinding algorithms. A comparison between studies related to pipe



routing and this study is summarized in Table 3.

Table 3. Comparison between related studies on pipe routing and this study

Study Considerations Method for pipe routing
éi(r)ggga and Ikehira Piping cost, valve operationality Genetic algorithm

qu 51113)0 Imen et al. Pipe length, number of bends Genetic algorithm
ér(lﬁ(; )and Kimura Pipe length, number of bends Dijkstra algorithm
Jiang et al. (2015) Space availability Ant colony algorithm

Pipe length, number of bends, space

Lee et al. (2019) availability

Dijkstra algorithm

Pipe length, number of bends, space

Shin et al. (2020) availability

Reinforcement learning

Pipe length, number of bends, space

. . .
Dong and Bian (2020) availability, sharing racks A*-GA Router algorithm
Gunawan et al. (2022) | Piping cost, design procedure Dijkstra algorithm

Kim et al. (2023) Pipe length, number of bends Reinforcement learning
This study Pipe length, number of bends, space |Route generation

availability, feasibility index algorithm

Most of the previous studies aimed to minimize the pipe length and the number
of bends to minimize the piping costs. In addition, certain studies used valve
operationality or space availability as additional objective functions. In this study,
we proposed a method for optimal pipe routing based on the arrangement template
model (ATM), arrangement evaluation model (AEM; e.g., expert system), and

arrangement optimization model (AOM).

1.3. Configuration of the Study



The configuration of the proposed method for the optimal arrangement of

equipment and pipes is illustrated in Figure 4.

(1) Input Data

Ship model Experts‘ knowledge Equipment spec. Pipe & Valve spec. User requirements cee
p P 2 quip! P p P q
2) Arrangement Template 5) User Interface
4 P
Model
- 1 Tool forexpert | _ _ Tool for
Engine room ' > system optimization
« Name: string
+ Length: double | 1
e e (3) Arrangement Evaluation Model (4) Arrangement Optimization
= Object information Model
TO..* Target Property of - Target Optimization problems
Deck D object | target object Attribute value P P
« Name: string B g T
+ Length: double Relation information Design variables | Constraints
. . Target | Property of . Target
E?:,'(pimf::"mm> L object | target object Atiribue value
1
Property of 1
Subjective object B |
11~ subjective object | [ Objective functions |
Pipe 1 !
« Name: string
+ Length: double
« Connected equipment: string
« Start/End point: double[3] :
+ Min. Bending angle: double Inference engine Optimization method
+ Max. Serial straight nodes N 3 X
- Radius: double (Pipe routing algorithm)
&
T1.*
Node1 Feasibility index — n
« Position: double[3] Optimized design
+ Bending angle: double i
+ Serial straight nodes: int I alternatives
* Parent node: Node Used for objective function
+ Walkable: bool

Figure 4. Configuration of this study

This study aimed to perform the optimal equipment arrangement and pipe
routing for ship’s engine room using an expert system and optimization technique.
Figure 4 shows the configuration of the proposed method for pipe routing. The
proposed method consists of an ATM (Figure 4 (2)), an AEM (Figure 4 (3)), an

AOM (Figure 4 (4)), and a user interface (Figure 4 (5)).
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In the process of the arrangement, data such as the ship model, expert
knowledge, equipment specifications, and pipe and valve specifications are input
through the user interface (Figure 4 (1)). The input data are stored according to
the template in the ATM. Using this data, the AEM calculates the feasibility index
of the proposed design. The objective functions of each design alternative in the
AOM are evaluated using the calculated feasibility index. The optimized design
alternatives are calculated based on the evaluated results. Each component is
described in detail in Section 2. Section 3 describes the simulations performed on
an example to verify the design variables and objective functions for optimization
and the proposed expert system. Section 4 describes the application of the
proposed method to actual examples to obtain optimal design alternatives. Finally,

Section 5 summarizes the observations and discusses future work.
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2. Theoretical Background

This study consists of the expert system for the arrangement of the ship’s engine
room, equipment arrangement for the ship’s engine room, and pipe routing for the

ship’s engine room. Figure 5 expresses the configuration of this study.

Expert system for ship’s engine room Equipment arrangement for ship’s engine room  Pipe routing for ship’s engine room
arrangement

————
==

Section 2-1 L

Expert system for ship’s Arrangement Template Model Arrangement Evaluation Model “
engine room Section 2-1
arrangement A

1 Section 2-2

Equipment arrangement | Design variables

for ship’s engine room

Objective functions | Occupied volume ||Slmplifled pipe routing || Space availability ||Feaslbl|lty Index|

Constraints

| ] Optimization method

Pipe routing for ship’s Design variables Coordingtes of nodes Section 2-3
engine room — =
Objective functions Pipe length || Bends l l Space availability HFeasiblIltyIndexI l Pressure drop
Constraints | | Route generation method

Figure 5. The theoretical background of this study

As shown in Figure 5, Section 2-1 describes the expert system for the ship’s

engine room arrangement. The section introduces a template for expressing an
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arrangement so that an expert system can be applied and an evaluation model that
expresses and evaluates information about various rules, expert knowledge, and
previous ship data according to defined rules. Section 2-2 describes the equipment
arrangement for the ship's engine room, including design variables, objective
functions, etc. The section introduces the equipment arrangement method, which
1s the first step of a two-step arrangement, introducing the problem formulated for
optimal equipment arrangement and describing the reasons for selecting design
variables, objective functions, and constraints and how they are calculated.
Section 2-3 describes pipe routing for the ship's engine room. It describes the

information required for pipe routing and the calculation process and results.

2.1. Expert System for Ship’s Engine Room

Arrangement

2.1.1. Arrangement template model for the arrangement

Expert systems enable computational design methods to replicate the decision-
making processes of human experts Kendal and Creen (2007). In existing
optimization methods, if expert knowledge is expressed using an objective
function or constraint, it would be difficult to modify it subsequently. However,
if an expert system is systematized and knowledge is expressed by it, the user can

conveniently manage or modify the expert knowledge through the user interface.
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Many attempts have been undertaken (Kim et al., 2015; Kim and Roh, 2016; Jung
etal., 2018; Kim et al., 2017) to apply expert systems to ship arrangement design.
This work utilizes the expert system proposed in the previous studies by

improving it to be appropriate for an arrangement for a ship's engine room.

The expert system consists of ATM and AEM. ATM stores the data required
for equipment arrangement and pipe routing. Figure 4 (2) shows an example of
the data stored by ATM. A node that constitutes a pipe in an engine room
represents the relationship between the deck inside the engine room, the pipe on
the deck, and the nodes that constitute the pipe, as well as the information of each
element. The stored information of the pipes and nodes is used by the AEM to
calculate the feasibility index. Figure 6 shows an example of the ATM for the

nodes in an engine room.
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Engine room

* Name: string

* Length: double

* Width: double

* Height: double

+ COG: Point

* Decks: List<Deck>

* Equi List<Equi >

0.

Deck

+ Name: string

* Length: double

* Width: double

* Height: double

* Equipment: List<Equipment>

(m-.*

Passage Pipe 1 Equipment 1
* Name: string

 ID: string * Length: double
* COG: Point * Type: string * Name: string
* Length: double * Connected equipment: string * Connected equipment: string
* Width: double « Start/End point: double[3] * Position: double[3]
* Height: double * Min. Bending angle: double * Orientation: double
* Orientation: double * Max. Serial straight nodes

+ Radius: double

1"*//N“*

Node 1 Node 2 Valve 1
« Position: double[3] . Poslti.on:double(B] . Posm.on:double[S]
: * Bendingangle: double * Bending angle: double
* Bending angle: double - 5 " < ; :
s : % * Serial straight nodes: int « Serial straight nodes: int
« Serial straight nodes: int
. Walkable: bool * Parent node: Node * Parentnode: Node
alkable: boo * Walkable: bool * Walkable: bool

Figure 6. An example of ATM

In Figure 6, the engine room is composed of several decks, each of which has
components such as pipes, equipment, and passages. Among them, a pipe consists
of several nodes, and each node has properties such as bending angle, number of

serial straight nodes, information of parent node, walkable information, etc. These
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attributes are used to evaluate expert knowledge in AEM, introduced in Section
2.1.2. By expressing the arrangement design of this study in such a formatted
framework, it is easier for the expert system to calculate the feasibility index,

which in turn facilitates the application of optimization techniques.

2.1.2. Arrangement evaluation model for the arrangement

The AEM stores and evaluates the information related to expert knowledge.
The stored information is classified into object and relationship information.
Object information expresses expert knowledge applied to an individual object.

The format for object information expert knowledge is shown in Table 4.

Table 4. The format of the object information

. Property . .
Object Ta¥get of target | Attribute Target Knowlgdge Consideration
ID object object value expression type

As shown in Table 4, object information consists of an object ID, a target object,
the properties of the target object, an attribute, a target value, knowledge
expression, and a Consideration type of the information. An example of expert

knowledge expressed as object information is presented in Table 5.

Table 5. Examples of the object information
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Propert
Objec Targe y of . Knowledg Consideratio
t Attribute | Target value e
tID . target . n type
object ; expression
object
IF Node z-
Expose | Node z- coordinate
B004 | Node | dto coordinat | 150 MIN mm | >150 mm 2
passage | e THEN 100
ELSE 0
IF Node z-
Expose | Node z- coordinate
B005 | Node | dto coordinat ;’)I?O_MAX_m <300 mm 2
passage | e THEN 100
ELSE 0

In the example in Table 5, the object ID refers to characters that can identify
information. Target object refers to the object that is the target of the information.
In this study, a node or pipe was the target object. The property of a target object
is a value that distinguishes target objects under a specific condition from objects
of the same type. Unlike template models used in previous studies, our model was
improved by adding the properties of the target object to apply expert knowledge
targeting specific target objects. The example in Table 5 shows expert knowledge
that could be collectively applied to the nodes exposed to passages. An attribute
is a value that is the target of knowledge, and the target value is a value we aim to
satisfy a condition. This example expresses expert knowledge of the z-coordinates
of the nodes. Other attributes used in the examples of this study include Distance,
Node z-coordinate, Minimum straight pipe length, Bending angle, Whether
exposed to passages, Vertical Distance, and Whether the object passes the support.

In addition to these examples, every attribute such as node coordinates and
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number of bends, can be defined and used. The target value is determined by the
attributes of the target object. In the example, 150 MIN_ mm indicates a minimum
of 150 mm, and 300 MAX mm indicates a maximum of 300 mm. Five conditions
were used to express the target value: MIN, MAX, EXT, true, and false. MIN is
the minimum value, MAX is the maximum value, EXT is the exact value, and
true/false indicates whether knowledge is satisfied or not. Knowledge expression
is expert knowledge expressed by the “IF-THEN” rule. The knowledge expressed
by this rule is used by the inference engine to calculate the feasibility index of the
design alternatives. (Kim et al., 2015; Kim and Roh, 2016) In the example in Table
5, this implies that a feasibility index of 100 is obtained if the knowledge is
satisfied. Otherwise, a feasibility index of zero is obtained for the design
alternative. Finally, the Consideration type indicates the consideration type of
expert knowledge. The Consideration type can be one of Constraint, 1, 2, or 3. In
this study, to improve the expert system, we separated the expert knowledge into
objective functions and constraints so that more diverse knowledge can be
represented. The smaller the number, the more important the knowledge. In the
case of Constraint, it means that the expert knowledge acts as a constraint and
must be satisfied. Expert knowledge with a consideration type of 1 is the next most
important expert knowledge, and the final feasibility index multiplied by 1.0 is
applied to the objective function. Expert knowledge with a priority of 2 is
multiplied by 0.9, and a priority of 3 is multiplied by 0.8 so that it affects the

objective function, the feasibility index, differentially.

Table 5 presents expert knowledge of the nodes exposed to the passage. For
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example, if the height (z-coordinate) of the node constituting the pipe exposed to
a passage is exceptionally low, interference with the passage structure or flange
may occur. Conversely, more pipe support is required if the height of the nodes is
excessively high. However, it is inconvenient to install additional support owing
to the presence of the passage. Table 5 indicates that the proposed AEM can

represent expert knowledge.

Relation information expresses the object and expert knowledge acting
between the object. The format for relation information expert knowledge is

shown in Table 6.

Table 6. Example of the relation information

Targ | Proper Targ Subiecti Pr(())tpert Knowled
Relati | et ty of | Attribu | et 4 yoL ge Considerat
: ve subjecti . .
onID | obje | target | te valu . expressi ion type
: object ve
ct object e . on
object

It consists of the relation ID, target object, property of the target object, subjective
object, property of the subjective object, attribute, relationship type, target value,
and knowledge expression. In relation information, expert knowledge of the
relationship between the target and subjective objects is defined through the
relationship type. The composition of the relation information is similar to that of
the object information. However, the subjective object and subjective object
properties are added. Because relation information expresses the relationship
between two objects, the subjective object is the target of the related information.

In the example shown in Table 7, the subjective object is the equipment that
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expresses its relationship with the target object node. The subjective object
properties express the conditions of the subjective object to which expert
knowledge is applied. In the example in Table 7, the property implies that expert
knowledge applies to all equipment. An example of expert knowledge expressed as

relation information is presented in Table 7.

Table 7. Example of the relation information

Proper
Subject | ty of
ive subject
object | ive
object

Knowle
dge Consider
expressi | ation type
on

IF
distance
from all
nodes
Nod Dista | 400 MIN | Equipm to au Constrain
RO03 All - All equipm

e nce mm ent t
- ent >
400 mm
THEN
100

ELSE 0

Targ | Prope
Relati | et rty of | Attrib | Target
onID | obje | target | ute value
ct object

The expert knowledge expressed in Table 7 is that of the minimum separation
distance between the equipment and pipe. For equipment maintenance, the nodes
constituting the pipe should be at least 400 mm from the equipment. For calculating
distance between objects, it is calculated by the minimum of the distances between
all nodes. In addition, Table 7 shows that relation information can be represented
by our ATM.

The AEM evaluates information based on the arrangement template model and
calculates a feasibility index. The feasibility of expert knowledge in the design

proposal is evaluated according to the “IF-THEN” phrase. Table 8 presents an
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example of expert knowledge of pipe nodes exposed to passages. The pipe node
exposed to the passage should be arranged at the pipe height (z-direction) at 150

mm-300 mm for maintenance and connection with the support.

Table 8. Examples of expert knowledge for pipe nodes exposed to passages

Propert
Objec Target y of . Knowledg Consideratio
Objec Attribute | Target Value e
tID target . n type
t . expression
object
IF Node z-
Expose | Node z- coordinate
B006 | Node | dto coordinat | 150 MIN mm | > 150 mm 2
passage | e THEN 100
ELSE 0
IF Node z-
Expose | Node z- coordinate
B007 | Node |dto coordinat SI?O_MAX_m <300 mm 2
passage | e THEN 100
ELSE 0

The process of calculating the feasibility index using expert knowledge is

illustrated in Figure 7.
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Objectinformation

Object ID Target object Property of Attribute Target Knowledge
target object value expression
B006 Node Exposed Node z 150 MIN_m | IF Node z coordin
to passage coordinate m ate 2 150 mm
THEN 100 Else 0
]
Rule 1 Rule 2
IF: attribute = Node z coordinate IF: attribute = orientation
THEN: execute 3, 4 THEN: execute ...
Rule 3 4 Rule 4
IF: boundary type = MIN IF: boundary type = EXT
THEN: execute 5, 6 THEN: execute ...
Rule 5 \ 4 Rule 6 1
IF: Node z coordinate > 150 mm IF: Node z coordinate < 150 mm
THEN: Feasibility index = 100 THEN: Feasibility index =0

Figure 7. Process of calculating feasibility index

This process was applied to a target object that satisfied the properties of the
target object. First, we examined the attribute and applied Rule 1 because it
contained the object information of the z-coordinate of the node. Next, Rule 3 was
applied because the boundary type of the information was MIN. Finally, the z-
coordinate of the corresponding node was examined. The feasibility index was 100
when the z-coordinate was larger than 150 mm. Otherwise, a value of zero was
assigned to this index. Examples of expert knowledge used in this study can be

found in the appendix.
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2.2. Equipment Arrangement for Ship’s Engine Room

2.2.1. Input information

For equipment arrangement for ship’s engine room, 3D model of the ship, List
and specification (weight, size, etc.) of equipment, specifications of compartments,
and pipes are required as input information. A 3D model of the ship is required to
check for equipment or piping conflicts with the hull structure and to apply expert
knowledge. Information about equipment, compartments, and pipes is utilized to
calculate the objective function and constraints while performing an optimal

arrangement of them.

2.2.2. Design variables

In this study, the height of each deck and the coordinates of the center and
orientation of each equipment in an engine room are set as design variables. The
three decks to be designed are the lower deck, 1st deck, and 2nd deck in the engine

room, as shown in Figure 8.
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Figure 8. Three decks in the engine room to be designed

c1 1s the height of the 2nd deck, c¢: is the height of the 1st deck, c;3 is the height
of the lower deck. For equipment, the design targets are the (X, y, z) coordinates
of the center of each equipment, and the orientation rotates at 90-degree intervals.

The equipment to be deployed is as follows in Figure 9.
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Section view*

Figure 9. Target equipment for arrangement

2.2.3. Objective functions

The minimization of the occupied volume of the engine room (F1), length of
major pipes and ducts (simplified results) (F2), number of bends of major pipes and
ducts (F3), space availability of equipment (F4), and feasibility index of

arrangement (F’s) were set as the objective functions.

F1minimizes the space occupied by equipment in the engine room. F> and F3 are
used as objective functions to minimize the piping costs. However, since it takes
too much computation time to perform detailed pipe routing in the 1st stage,
simplified results are used. F4is the objective function used for maximization of the
efficiency of the design space, and Fs is used to apply expert knowledge to design

alternatives. Each objective function is explained in detail in this section.
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(1) Occupied volume of the engine room

In order to minimize the space occupied by the engine room or equipment
inside the engine room in a ship, the occupied volume of the engine room (F1) is
set as the objective function. Occupied volume is the total volume that is
unavailable due to the location of equipment in the engine room. The occupied

volume of the engine room is calculated by Eq. (1).

_ N equipment _ N equipment
£ _ijl Vej _Zj:l LyxW,;xc (1)

In Eq. (1), Neguipmens means the number of equipment in the engine room, Ve,
means the volume of the equipment e;. L; means the length of the equipment e;, ;
means the width of the equipment e;, and ¢; means the height of the deck on which

the equipment is located. The calculation of F is described in Figure 10.

|
“ . - H- .
o T
Length andiwidth¥of the equipment <2 Uy decl&)h, { 2
i A

JPI I |i ; : 01 Height of the deck
ey | \Z \Z
—L —
4 Plan view Section view

Figure 10. Calculation of the occupied volume of the engine room by equipment
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The defined V. includes the space in the z direction between the deck and the
equipment in the engine room, and therefore represents the volume in which new
equipment can not be installed. In this study, the occupied volume defined in Eq.
(1) is used to define how the equipment can efficiently utilize the space inside the
engine room. In arrangement design, the more the occupied volume (F1) is
minimized, the more equipment can be mounted inside the engine room, or the

volume of the engine room can be minimized.

(2) Length and number of bends of pipes and ducts

The length of major pipes and ducts (F2) and number of bends of major pipes
and ducts (F3) are set as the second and third objective functions. These objective
functions are calculated from the simplified results of pipe routing introduced in
Section 2.3. A comparison of the pipe routing for simplified results in the 1st stage

and the pipe routing in the 2nd stage is shown in Table 9.

Table 9. Comparison of pipe routing in the 1st stage and the 2nd stage

Design Route . Objective | Grid Computation
Stage . generation X .
variables functions | space time
method
. . Total
Ist Coordinates Pathﬁndmg length Large 0.5 [sec]
stage of nodes algorithm and
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number
of bends,
and
feasibility
index

2nd
stage

Coordinates
of nodes

Pathfinding
algorithm

Total
length
and
number
of bends,
and
feasibility
index

Small

21.1 [sec]

In the 1st stage, all pipe routing must be performed for a single equipment
arrangement during the optimization process. This is very computationally
demanding and is one of the reasons why previous studies have not considered
pipe routing in equipment arrangements. In order to perform pipe routing for all
equipment arrangements within a reasonable computation time, this study
performs simplified pipe routing with the differences shown in Table 9. The pipe
routing in the 1st stage utilizes a wider grid space and more aggressively utilizes
the dynamic grid in the grid configuration introduced in Section 2.3. This

simplification of pipe routing allows us to perform very fast simplified pipe

routing.

(3) Space availability of equipment

Space availability refers to the efficiency with which the compartments,
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equipment, and pipes are used. It should be considered in multiple-pipe routing
when arranging for other equipment or pipe routing. It is also important for the
convenience of installation and frequent maintenance (Jiang et al., 2015; Wang et
al., 2018). The space availability used by Lee et al. (2019) was applied in this
study. They defined the vertical distance from a wall or an obstacle as the space
available to a node. If there is an adjacent node, the space availability is the smaller
value obtained by adding one to the space availability of the adjacent node and the
vertical distance to the obstacle. The space availability (F5) is calculated by an
integer value, space factor, defined for each node. It describes the space
availability in the study of Lee et al. (2019). The smaller the space factor, the
closer the node is to a wall or obstacle, and the higher the space availability of the
equipment location. We performed the equipment arrangement that maximized
the space availability by minimizing the space factor as the fourth objective

function (F).
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Figure 11 Example of calculation of space factor in design space

Figure 11 shows an example of calculating the space factor in a design space.
The gray parts represent obstacles or equipment to be avoided or a wall that is the
boundary of the design space. The wall and obstacle parts have a space factor of
zero. Meanwhile, the space factors of Nodes A and B are three and two,

respectively. Space availability can be calculated using the equations

Space avanbily = Space fadp r, ,.— Space fador 2)
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Space facor
=M n(Dstanc e, q, Danc ey uq ,Space fado Tadjcent node 3)
+1)

Distancewqn 1s the distance to the nearest wall, and Distanceopbsiacie 1S the
distance to the nearest obstacle. Space factordjacentnode 1 the space factor of the
adjacent node. While space availability does not increase with closeness to all
obstacles, we consistently define space availability as increasing with closeness
to an obstacle and utilize the expert system in Section 2.1 for exceptional cases to

determine the distance from equipment or obstacles.

(4) Feasibility index of equipment

The feasibility index of equipment (F5) is the output of the expert system in
Section 2.1 concerning how effectively it satisfies the expert knowledge. A higher
feasibility index indicates that the design alternative is suitable for expert

knowledge. This index was calculated using Egs. (4) and (5):

Neqllipme ‘
Fi= ), Fle) (4)
i=1
Nexp
F(e)=) FI,-W, (5)

n=1

In Eq. (4), F(e)) is the feasibility index of the ith equipment (e;). In Eq. (5), it is
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calculated as the sum of the products of the feasibility index of the nth expert
knowledge (F1,) and its weight factor (W,). The weight factor has a value between
zero and one. It is set according to the importance of the expert knowledge
intended by the user. As a result of Eq. (5), we can calculate the feasibility index
and its sum for all equipment (i = 1 to Neguipmens). The calculated feasibility index
1s used for equipment arrangement for the ship’s engine room through the process

shown in Figure 12.

PRI o Arrangement Optimization Model

Know'

E

“se

Arrangement ;f, for optimal arrangement
Evaluation Model Optimal arrangement problem

' -
Design variables | Constraints

s a
Expert system for optimal arrangement Objective functions
\ J * Minimize occupied volume of the engine room F
| | * Minimize length of major pipes and ducts
( A (simplified results) F;,
Arrangement Evaluation Model for optimal + Minimize number of bends of major pipes and

ducts (simplified results) F5
* Maximize space availability of equipment F
* Maximize feasibility index of arrangement Fs5

arrangement

¥
Optimization method
v

[ Feasibility index by Expert system ]

1 J
L

Feasibility index = 100

Figure 12. Using the objective function of the calculated feasibility index

By AEM introduced in Section 2.1, the design alternative is evaluated, and the
feasibility index is calculated. The feasibility index is a value between 0 and 100

and is used as the 5th objective function among the five objective functions of the
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optimization process.

2.2.4. Constraints

(1) Equipment installation available area

Preventing interference with equipment, developing a route within the
installation space, and preventing collisions between pipes and obstacles were set
as the constraints in the optimization problem. When the constraint was not
satisfied, the design was removed to obtain a solution that satisfied the condition.
The constraints applied to each node are given by Eq. (6):

bi(xsyaz)aej(cj)EAE:AI_A2 (6)

In Eq. (6), b; is an ith bulkhead in the engine room, and Ak is the area where
equipment installation is feasible. Figure 13 shows A1 and A», related to the

equipment installation available area. These are the area subjected to equipment

installation area where the equipment was installed.
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A1: Equipment installation available area A,: Excluding equipment
installation area

Figure 13. Equipment installation available area

(2) Constraints by the expert system

The expert knowledge considered in Section 2.1 is examined as a constraint as
well as an objective function in Section 2.2. A summary of the examination of the

constraints on expert knowledge in equipment arrangement is shown in Figure 12.
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Figure 14. Constraints for equipment arrangement

AEM does not consider all expert knowledge as constraints, but rather calculates
an optimal solution that must satisfy the knowledge whose priority is set as a
constraint. In the optimization process of the equipment arrangement, solutions that
do not satisfy the constraints are discarded. Examples of expert knowledge
considered as constraints in the equipment arrangement process (the Ist stage) in

this study are shown in Table 10 and Table 11.

Table 10. Examples of constraint expert knowledge (1)
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Object
ID

Target
object

Property
of target
object

Attribute

Target value

Knowledge
expression

Consideration
type

E001

Equipment

All

Clearance
distance

0.9 MIN m

IF
Clearance
distance >
09 m
THEN
100
ELSE 0

Constraint

E002

All

All

Whether
exposed
to

passages

False

IF Whether
exposed to
passages =
false
THEN

100 ELSE
0

Constraint

E005

Equipment

Auxiliary
Engine

Deck

1_EXT 0

IF
Installation
deck of
auxiliary
engine = 1
THEN

100

ELSE 0

Constraint

E006

Equipment

Boiler

Deck

2 EXT 0

IF
Installation
deck of
boiler =2
THEN

100

ELSE 0

Constraint

Table 11. Examples of constraint expert knowledge (2)
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Equip Distance | Equip 400 MI | all Constrai
All All .
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ent >
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THEN
100
ELSE
0

R002

IF
Distan
ce
from
all
equipm
5 MIN | entto Constrai
m Main nt
Engine
> 5m
THEN
100
ELSE
0

Equip All Distance | Equip 1]::/;2?11

ROO3 ment From ment

2.2.5. Optimization method

Use an optimization technique to review various equipment arrangement
designs and select the best arrangement design. In this study, three global

optimization algorithms are reviewed for optimal equipment arrangement.
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(1) Non-dominated Sorting Genetic Algorithm II (NSGA-II)

A genetic algorithm (GA) is an adaptive metaheuristic search algorithm based
on the evolutionary ideas of natural selection and genetics. It is a suitable
algorithm for finding a global optimum for complex optimization problems having

several local optima. The optimization process of GA is shown in Figure 15.

Initialization
v

—> Evaluation

v

Selection
v

Crossover
v
Mutation

v

— Replacement

Figure 15. The process of GA

The optimum is found by repeating the evaluation, selection, crossover, mutation,
and replacement. Among several GA algorithms, this study examines NSGA-II for
optimization. Non-dominated Sorting Genetic Algorithm IT (NSGA-II) is one of the
variations of GA, and has the advantage of presenting a fast and wide-area solution

by adopting a nondominated sorting method (Deb et al., 2002).
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(2) Strength Pareto Evolutionary Algorithm (SPEA)

The Strength Pareto Evolutionary Algorithm (SPEA) (Zitzler et al., 1999) is an
algorithm for finding or approximating the Pareto-optimal set for multiobjective
optimization problems. SPEA combines non-dominate & scalar fitness value &
tradeoff front clustering techniques. Also, the algorithm has strength in maintaining

diverse populations. The optimization process of SPEA is shown in Figure 16.

Initialization

v

—> Fitness assignment

v
Environmental selection
v
Termination
v

Mating selection

v
Variation
(Crossover & Mutation)

Figure 16. The process of SPEA

(3) Speed-constrained Multi-objective Particle Swarm Optimization

(SMPSO)
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Nebro et al. (2009) proposed Speed-constrained Multi-objective PSO (SMPSO)
by developing Multi-objective Optimization Particle Swarm Optimization
(MOPSO). Partical Swarm Optimization (PSO) algorithm is a bio-inspired
metaheuristic algorithm mimicking the social behavior of bird flocking or fish
schooling. The algorithm incorporates a velocity constriction procedure. The

optimization process of SMPSO is shown in Figure 17.

Initialization

v

Fitness assighment

)
Speed computation
v
Position update
v

Swarms & particles update

v

Termination

\ 4

Figure 17. The process of SMPSO

(4) Selection of optimization method for an equipment arrangement

problem

Among the three global optimization algorithms presented, the most suitable
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algorithm for the equipment arrangement problem is found. The equipment
arrangement was performed for the optimization problem presented in this section,
and the number of target equipment is 11, and the engine room, the space where the
arrangement is performed, is 38.2 m wide, 60.0 m long, and 30.0 m high. The cases
for NSGA-II and SPEA2 were optimized for 2,000 evaluations, while SMPSO was
optimized for archive and swarm size by 100 and iterations with 20. Each parameter
was set to find the best solution for a similar level of computation time. The Pareto
optimal representation of the optimization result using SMPSO is shown in Figure

18.

<Results with SMPSO> ST

Al )

T4 can avallabill b, Mo

Figure 18. Pareto optimal of the case of SMPSO

Unlike SMPSO, the results using NSGA-II and SPEA2 converged to one

solution, and the optimal solution for comparison was selected from the Pareto
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optimal set of SMPSO. The test case was selected, and compared the optimal

solution based on F> and F4, which are the most important and deviated from the

Pareto optimal set. The results of the test case are shown in Figure 19 and Table 12.

5
_red)

NSGA-II (Plan view)

SPEA2 (Plan view)

SMPSO (Plan view)

Figure 19. Optimization results by three global optimization algorithms (1)

Table 12. Comparison of global optimization algorithms in the test case

Length Number
. of
Occupied | of
. bends
volume major of Space Feasibilit
of the pipes . availability | . Y .
. major index of Computation
Case engine and . of .
pipes . arrangement | time [sec]
room ducts and equipment (Fs, Max)
(F1, Min) | (7, (F1, Max) >
: ducts
[m3] Min)
ml |\
Min)
NSGA-II | 32,807 470 22 149 20,800 407
SPEA2 31,584 462 22 162 20,800 367
SMPSO 31,875 460 21 223 20,800 394
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The optimization results showed that all three methods optimized Fi, F>, and Fs.

However, for F3 and Fi, SMPSO gave the best results. As a result, SMPSO shows

the most suitable results in the case. For the optimization cases, we performed

optimal arrangement with longer evaluations and iterations. The cases for NSGA-

IT and SEPA2 were optimized for 10,000 evaluations, while SMPSO was optimized

for archive and swarm size by 100 and iterations with 100. Each parameter was set

to find the best solution for a similar level of computation time. Results are shown

in Figure 17 and Table 12

NSGA-II (Plan view)

SPEA2 (Plan view)

SMPSO (Plan view)

Figure 20. Optimization results by three global optimization algorithms (2)

Table 13.

Comparison of global optimization algorithms in the test case (2)

Occupied | Length | Number Spape B Feasibility
volume of of availability | . .
. index of Computation
Case of the major bends of arrangement | time [hr]
engine pipes of equipment (F I\%Iax)
room and major (F4, Max) >
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(F1,Min) | ducts pipes
[m3] (F>, and
Min) ducts
[m] (F5,
Min)
NSGA-II | 32,262 496 24 140 21,400 47.7
SPEA2 32,262 495 24 147 21,300 49.6
SMPSO 33,397 473 24 163 21,400 54.2

The optimization results for the test cases show that NSGA-II and SPEA2

algorithms perform better for /1, but SMPSO performs best for other objective

functions, especially F> and Fi. As a result of the cases that have been fully

evaluated, SMPSO has found better solutions. In this study, we utilize the SMPSO

algorithm to perform equipment arrangement during the first stage of arrangement.

2.3. Pipe Routing for Ship’s Engine Room

In this paper, we propose an optimization model for pipe routing and present

the optimization results. The optimization method, design variables, objective

functions, and constraints considered in the pipe routing process are explained in

this section.

2.3.1. Input information
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For pipe routing, information of start and end points of pipes, positions of
obstacles, positions of equipment, and specifications of pipes (diameter, material,
etc.) is required. Information about the start and end points is required to perform
route generation for the pipe based on that information. Information about
obstacles is required to generate pipe routes that avoid them and to generate a grid
that takes them into account. Equipment positions are used when performing pipe
routing between equipment. Pipe specifications are required to perform non-

conflicting routing of pipes by considering the diameter of the pipe.

2.3.2. Design variables

In this study, each pipe consisted of a series of nodes (pipe p = {n1, no, ...,
nNnode} ). Each pipe had start and end points, and the nodes connected these at each
grid interval. The pipe was composed of nodes connected continuously only along
the x-, y-, and z-axes. Furthermore, each coordinate of the pipe nodes was set as a
design variable. The ranges of the design variables and grid interval (grid space)
were determined before the design. The dynamic grid (as explained in Section
2.3.6) was used to vary the grid interval. Therefore, the nodes constituting the pipe

were composed of non-regular intervals.

Figure 21 shows an example of a pipe composed of nodes. For example, the

pipe p1 consists of five nodes (n1, n2, n3, n4, ns).
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p1 = {nq,ny,n3,ny, N5}

n,(x,y,2) ns(x,y,2)
PS °
L3 Ly

ny(x,y,2)
ny(x,y,2)

Figure 21. Components of the pipe

In this study, only 90 and 45-degree bends are considered using the introduced
method, but it requires to be supplemented to represent various bend types in the

future.

2.3.3. Objective functions

The minimization of the total length of the pipe route (f1), number of bends (f2),
space factor (f3), and feasibility index (f2) are set as the objective functions. f; and
/> are used as objective functions to minimize the piping costs in several previous
studies (Park and Storch, 2002;Wang et al., 2018; Dong et al., 2022). f; is the
objective function used for the efficiency of the design space, f4 is used for the
expert system for pipe routing proposed in this study. Each objective function is
explained in detail in this section. Each objective function was normalized to a

value between zero and one to consider its effect effectively. The five normalized
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objective functions are optimized by adding these, as shown in Eq. (7):

F=wE+w,F, + W, F, + w,F, + w,F; (7)

In Eq. (7), w, 1s a weight factor that considers the value of each objective
function and has a value between zero and one. The node with the minimized
objective function and heuristic is selected by comparing the sum of the calculated
objective functions and heuristic. A pipe route is generated by connecting each

node.

(1) Total length of pipe routes

In this study, optimization was performed to minimize the total length of pipe
routes and reduce the piping costs. The total length of the pipe routes (Liwi; the

first objective function (1)) is given by Egs. (8) and (9):

N pipe
E = Ltotal = z L(p/) (8)
j=1
Nmnle
L(p;))= D L(n,n,) €))
i=l1

In Eq. (8), L(p)) is the length of the jth pipe (p;), and Ny is the total number of

pipes. In Eq. (9), L(p;) is calculated as the sum of the distances between nodes
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constituting p;. L(n;, ni+1) 1s the distance between the ith and i+ /th nodes, and Nyode
is the total number of nodes constituting p;. In the example shown in Figure 21,

the total length of the pipe route Ly is L1 + Lz + L3 + La.

(2) Total number of bends

To consider the pipe installation and maintenance, optimization is performed
in a form that minimizes the total number of bends (Nens; the second objective
function (F2)) for all the pipe routes. A bend is a bending between the pipe nodes.

The total number of bends is calculated using Eq. (10):

N pipe

F;:ZNbend(pj) (10)
Jj=1

In the example of Figure 21, because pipe p1 has five nodes, the number of bends

(Nbena) 1s two.

(3) Space availability of pipes

As in equipment arrangement, space availability is considered an objective
function in pipe routing. Especially in pipe routing, space availability is much
more important because of pipe support. Figure 22 shows the calculation of the

space factor of pipes.
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Pipe support

Figure 22. Space availability of pipes for pipe routing

As shown in Figure 22, since the pipe support is installed on the wall, the pipe

nodes must be located close to the wall/equipment.

(4) Feasibility index of pipes

The feasibility index (the fourth objective function (F£4)) is the output of the
expert system in Section 2.1 concerning how effectively it satisfies the expert
knowledge. A higher feasibility index indicates that the design alternative is

suitable for expert knowledge. This index was calculated using Egs. (11) and (12):
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F,=2 F(p) (11)
j=1

Nnnde
F(p,)= Y FI,-W, (12)

i=1

In Eq. (11), F(p)) is the feasibility index of the jth pipe (p;). In Eq. (12), it is
calculated as the sum of the products of the feasibility index of the ith node (F7;)
and its weight factor (W;). The weight factor has a value between zero and one. It
is set according to the importance of the expert knowledge intended by the user.
As a result of Eq. (6), we can calculate the feasibility index and its sum for all
nodes (i = 1 to Nuode) constituting the pipe p;. The calculated feasibility index is
used for pipe routing for the ship’s engine room through the process shown in

Figure 23.
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Figure 23. Using the objective function of the calculated feasibility index

By AEM introduced in Section 2.1, the design alternative is evaluated, and the
feasibility index is calculated. The feasibility index is a value between 0 and 100,
and is used as the 4th objective function among the five objective functions of the

optimization process.

2.3.4. Constraints

In the pipe routing process, the proposed constraint is enforced in the form of
excluding nodes that violate the constraint. If there is no pipe route that satisfies all

the proposed constraints, repeat the 1st stage as shown in the process proposed in
51
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Figure 3.

(1) Pipe installation available area

The prevention of interference with equipment, development of a route within
the installation space, and prevention of collisions between pipes and obstacles
were set as the constraints in the optimization problem. When the constraint was
not satisfied, the design was removed to obtain a solution that satisfied the

condition. The constraints applied to each node are given by Eq. (13):
ni(xayaz)EA:Al_Az_A3 (13)
In Eq. (13), n; is an arbitrary node, and A4 is the area where pipe installation is
feasible. Figure 24 shows A1, A2, and A3 related to the pipe installation area. These

are the area subjected to pipe installation, the area where the equipment was

installed, and the area where the pipe was installed, respectively.
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Aj: Pipe installation area A,: Excluding equipment Aj3: Excluding other pipe
installation area installation area

Figure 24. Pipe installation available area

(2) Constraints by the expert system

The 2nd stage, the pipe routing process, also reviews constraint violations by the
expert system. The expert knowledge considered in Section 2.1 is examined as a
constraint as well as an objective function in Section 2.2. A summary of the
examination of the constraints on expert knowledge in pipe routing is shown in

Figure 25.
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Figure 25. Constraints for pipe routing

AEM does not consider all expert knowledge as constraints but rather
calculates an optimal solution that must satisfy the knowledge whose
consideration type is set as a constraint. In the pipe routing process, solutions that
do not satisfy the constraints are discarded. Examples of expert knowledge
considered as constraints in the pipe routing process (the 2nd stage) in this study

is in Table 14.

Table 14. Examples of constraint expert knowledge
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2.3.5. Route generation method

(1) Selection of route generation method

In this study, several route generation methods are compared, and among them,

the most suitable method is selected for this study. In this process, the result of pipe

routing with the total length of pipes (F1) and total number of bends (F2) set as

objective functions. Pipe routing is performed in a design space with a width of 10

m, a length of 10 m, and a height of 10 m. The start point is (0, 0, 0), and the

endpoint is (10, 10, 10) [m]. There is an obstacle blocking x =5 m, y <= 6 m, and

z <= 10 m inside the design space. For the computation of all cases, a PC with Intel

Core 17-8700 CPU @ 3.20GHz, 32GB RAM is used.

The first case, Case 1, is the case of performing route generation using the A*

algorithm. The result of Case 1 is shown in Figure 26.
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Figure 26. Results of route generation using A* algorithm

The pipe routing results for Case 1 are shown in Table 15.

Table 15. Results of Case 1

Total length of Total number of L
Case pipes bends Computation time
(F1, Min) [m] (F», Min) [sec]
Case | 30 2 0.128

Case 1 successfully generated an optimal pipe route avoiding an obstacle with

fast computational speed. Case 2 uses the NSGA-II algorithm for pipe routing. Case

2 is the result of pipe routing for the minimum generation that can generate a route.

For Case 2, the population size of 1,000 and generations of 10 are used. The figure

shows the result of Case 2.
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Plan view ISO view
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Start point

/'

Obstacle

Figure 27. Results of route generation using NSGA-II algorithm (1)

The pipe routing results for Case 2 are shown in Table 16.

Table 16. Results of Case 2

Total length of Total number of N
. Computation time
Case pipes bends [sec]
(F1, Min) [m] (F», Min) ¢
Case 1 30 3 0.106

The shortest path was generated by minimizing F1, but the number of bends (F?)
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was not optimized. Case 3 is the case of obtaining optimized pipe routing results by

improving the optimization parameters in Case 2. Figure 28 is the result of Case 3.

ISO view

Plan view
End point

'\'

Pipe routing results

Start point

¥

Obstacle

Figure 28. Results of route generation using NSGA-II algorithm (2)

The pipe routing results for Case 3 are shown in Table 17.

Table 17. Results of Case 3

Total length of Total number of Y
. Computation time
Case pipes bends [sec]
(F1, Min) [m] (F», Min) sec
Case 1 30 2 396.105
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As a result of Case 3, the pipe routing with sufficient evaluation until an
optimized route is performed. In Case 3, optimization required much time to
formulate the problem and took too much time to calculate. As a result, pipe route
generation using the optimization method requires a lot of evaluation before the
optimized route is calculated. Pipe routing can be performed relatively fast using
the route generation algorithm (A* algorithm). In this study, a pathfinding

algorithm was selected for the route generation algorithm.

(2) Selection of pathfinding algorithm

A grid-based approach for optimal pipe routing was selected for this study
(Furuholmen et al., 2010; Jiang et al., 2015; Lee et al., 2019; Dong and Bian, 2020;
Kim et al., 2021). The design target area was divided into nodes by grids. We
defined the properties of each node (such as obstacles and walls) where a pipe
route could not be generated, including the start and end points of the pipe route.
The pathfinding algorithm was used for pipe routing, and the least cost path (LCP)
method was additionally used to generate a route that minimized the objective
functions presented in Section 2.3. The LCP method is a method for pathfinding
that minimizes the specified cost (objective function) rather than finding the

shortest route in route search (Kang and Lee, 2017).

Among several pathfinding algorithms, an algorithm suitable for pipe routing in
this study is selected. Including the A* algorithm reviewed in (1), the Dijkstra and

JPS algorithms are reviewed as route generation methods for pipe routing. The
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Dijkstra algorithm is one of the pathfinding methods. The optimal solution is
calculated by searching for a local area and comparing the cost. Jump Point Search
(JPS) algorithm uses a search strategy for speeding up optimal search by selectively
expanding only certain nodes. It performs path finding using less memory by
jumping to another node depending on the scenario (Harabor and Grastien, 2011;
Min et al., 2020). Section 2.3.3, Fi, F>, and F3 are considered among the objective
functions proposed in For selection of the pathfinding algorithm, the cost shown in
Eq (15) is used. The pipe routing results using each pathfinding method are shown

in Figure 29 and Table 18.

Dijkstra (1SO view) A* (1SO view) JPS (ISO view)

Figure 29. Comparison results of pathfinding methods (1)

Table 18. Comparison results of pathfinding methods (2)

iI;taih Egzlloer Space Feasibility

Case of g of bends availability | index of | Computation
pipes (F2 of pipes pipes time [sec]
(F1, Min) (F3, Min) (F4, Max)
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Min)
[m]

Dijkstra | 1,781 29 4,961 914 30.8
A* 1,777 | 29 4,946 914 13.9
JPS 1,773 | 27 5,010 916 10.5

In Table 18, the pipe routing result using the Dijkstra algorithm takes too much
computation time and does not produce the best results. Because of many obstacles,
the JPS algorithm takes resources to determine a jump. However, compared to other

algorithms, the JPS algorithm has better performance and fast computational speed.

For the JPS algorithm, Too many resources are used to determine
horizontal/vertical orientation, even though very few jumps are involved. In this
study, we tried simple improvements to the jump loop to speed up the computation

when no jumps are involved.

2.3.6. Grid configuration for pipe routing

(1) Design area for pipe routing

If pipe routing is performed by selecting all engine room areas as candidates,
too many candidate nodes are examined with much computation time. In this
study, we try to limit the design area for pipe routing to perform the arrangement

design within the realistic time available. The design area for pipe routing is
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shown in Figure 30.

9a(Xmax + 7+ d, Yinin + 1. Zmin + 1)

93Fmax + 7+ d, Ymin + 12 Zinin — 1)

91min = 1 Ymin = 1 Zimin — 1)

92(Emax + 7+ d, Ymin — T, Zmin — 1)

Nearest wall/bulkhead

Figure 30. Design area for pipe routing

In Figure 30, for a start point 7,4+ and an end point #e.q, compare the respective
coordinates of the two points to define the minimum (Xmin, Vmin, Zmin) and
maximum (Xmax, Ymax, Zmax) Values of each x, y, z coordinate of the pipeline's start
and end points. Then margin r is added to x, y, and z to the 8 points (g1, 2, ..., €8)
to define the design space. To properly account for space availability, the design
space extends to the nearest wall or the bulkhead. The distance to the wall is
defined as d, and the maximum value for the x-coordinate of the pipe routing
available area is applied as xmax +7+d. Finally, the coordinates of the 8 points of

the design area in Figure 30 are as follows.
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g1= (Xmin — 7, Ymin — ¥, Zmin — ¥')
22= (Xmax + 7 + d, Ymin — ¥, Zmin — 1)
23= (Xmin — 7, Ymin T 7, Zmin — 7")
24= (Xmax + 7 + d, Ymin + ¥, Zmin — 1)
g5= (Xmin — 7, Ymin — ¥, Zmin T F)
26= (Xmax T 7 + d, Ymin — ¥, Zmin + 1)
27= (Xmin — 7, Ymin + 7, Zmin + 7)

ggZ(Xmax+r+d,ymin+r,zmin+r)

After defining the size of the design area, the area is divided into nodes with a
maximum grid space. By default, pipe routing is performed according to a
maximum grid space, but it can also be reconfigured to a changed grid space by
the dynamic grid method introduced in Section 2.3.6 (2). The design target space
of this study, the engine room, has dimensions of 60.0 m x 38.3 m x 30.0 m and

is composed of gird (voxels) with a minimum size of 10 mm x 10 mm x 10 mm.

In total, the design target space was composed of 6000 x 3830 x 3000 = 6.9x10'°

grids.
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(2) Dynamic grid method used for pipe routing

Several attempts have been undertaken to reduce the computation time of grid-
based pathfinding methods. Kim et al. (2013) proposed a nonuniformly divided
cell to reduce the number of calculations. They constructed graphs through vertex
branching and placed grids by considering obstacles or walls. In this study, we
used the dynamic grid method in which the grid varies according to the location
of the obstacles or the arrangement of the other pipes. This method can reduce
computational time by focusing the computational effort on regions with obstacles
and other pipes. In this method, the calculation time and accuracy are determined
according to the grid space (grid interval). The calculation time is short if the grid
space is large. If the grid space is small, the calculation time increases. However,
the accuracy of the results also increases. The grid space varies depending on the
surrounding environment. The proposed dynamic grid method has certain
similarities with the JPS algorithm. However, it can reduce the consumption of
computation time and memory by recycling the grid for routing multiple pipes and
the next design stage (for example, arrangement of equipment). The pipe routing

process using a dynamic grid is shown in Figure 31.
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Figure 31. Process of pipe routing using a dynamic grid

First, a dynamic grid with maximum grid space is configured. In this study, the
grid space can be modified 1-20 times the minimum grid space depending on the
distance between the node and the obstacle. After that, it checks if the distance to
the obstacle is farther than the criteria. When the distance between the node and
the obstacle is over ten times the minimum grid space, a dynamic grid is used to

adjust the grid space. Figure 32 shows examples of a uniform grid (a) and dynamic
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grid (b) adjusted according to the presence or absence of obstacles.

N | |- ‘

Obstacle Obstacle

v

—r Grid space =10 mm Grid space = 50 mm

L @ 1 i

(a) Grid with uniform grid space (b) Grid with dynamic grid space

Figure 32. Example of grid space adjustment of the dynamic grid (1)

In Figure 32 (b), a wider grid space is applied to the grid at a long distance from
the obstacle. The computation time can be reduced with a wider grid space when
applying the pathfinding algorithm. A more detailed illustration of determining

grid spacing is shown in Figure 33.
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d
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Figure 33. Example of grid space adjustment of the dynamic grid (2)

In Figure 33, d is the distance to the nearest obstacle or bulkhead. A three-
dimensional grid (with a maximum space of 200 mm) is created in a defined area.
If d = grid space, smaller grid spaces are created for considering the distance to
the nearest obstacle/ bulkhead. In this study, the maximum grid space is 200 mm,

and the minimum grid space is 10 mm.

After configuring the dynamic grid, the next node that can be reached from the
current location is identified. Then, the sum of the costs and heuristics of the
searched nodes are calculated and compared. Then, we proceed to the best node.
This process is repeated until the pipe arrives at the end point. Upon arrival at the
end point, the calculated route with the adjusted grid space is connected to the
route in the minimum grid space by correcting the coordinate system to match the
minimum grid space to generate a unified path. A comparison was performed on

the example problem proposed by Kim et al. (2023) to validate the pipe routing
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method proposed in this section.

Kim et al. (2023) presented an example of four pipes connecting 14 equipment.
This study performed pipe routing for the same example proposed by Kim et al.
(2023). For the objective functions, total pipe length (F1) and total number of
bends (F2) are used. The results of an example by Kim et al. (2023) are shown in

Figure 34 and Table 20.

<Top view> <ISO view>

Figure 34. The result of an example in Kim et al. (2023) (1)

Table 19 The result of an example in Kim et al. (2023) (2)

Case Method Total pipe | Total Computation
length number of | time
(F1, Min) bends [sec]
[m] (F2, Min)
Case 1
(Kim et al. A* 47.34 25 39240.72
(2023))
Case 2
(Kim et al. JPS 47.34 20 107.68
(2023))
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Case 3 Reinforcement

(Kim et al. . 47.34 18 6.7
(2023)) Learning

Case 4

(Proposed JPS 47.34 18 6.8
method)

As aresult of pipe routing for the example, although the two methods were not
tested in the same environment, the pipe routing method proposed in this study
(Case 4) is much faster than the existing method (Case 2) that utilizes the JPS
algorithm (Min et al., 2020) and takes a similar amount of time as the method that
utilizes reinforcement learning (Case 3), which takes time to learn. This confirms
that the method proposed in this study can perform pipe routing in a relatively

short computation time compared to existing pipe routing methods.

Since the conditions for pipe routing in each stage are different, it may fail to

generate a pipe route using a narrower grid space in the 2nd stage.
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Figure 35. Pipe routing method when 2nd stage pipe routing fails

In this case, pipe routing in the 2nd stage can be guaranteed by selecting pipe

routing results generated in the Ist stage, as shown in Figure 35.
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3. Verification

In order to perform the verification of the methods proposed in this study, four

verification cases were performed. The verification cases were for sensitivity

analysis, analysis of objective functions in the 1st stage, and equipment

arrangement using pipe routing, as shown in Table 20.

Table 20 Verification cases

Verifications

Tests

Method

Sensitivity analysis

Sensitivity analysis

Design of
experiment using
full factorial
method

Comparison of
parameter effects

Analysis of objective
functions in the 1st
stage

Relationship
analysis

Relationship analysis
between objective
functions

Equipment
arrangement using
pipe routing

Optimal equipment
arrangement

Simple arrangement
cases

Comparison of
equipment
arrangements with
and without pipe
routing

In the first verification case, a sensitivity analysis was performed to compare

the parameter effects of each design variable on the objective function. The data

collected for this purpose utilized the design of experiment using the full factorial

method. In the second verification case, the relationship analysis between each

objective function of the 1st stage was performed. In this process, we performed

an arrangement of two objective functions and analyzed the result. In the third
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verification case, we verified that the optimal equipment arrangement with pipe
routing proposed in this study works effectively. In this case, a comparison of

equipment arrangements with and without pipe routing was performed.

3.1. Sensitivity Analysis for the 1st stage

It is necessary to accumulate data for sensitivity analysis for an equipment
arrangement problem (1st stage). In this study, the design of experiment (DOE) was
used to select the data to be used for sensitivity analysis. There are various DOE
patterns, and in this study, sensitivity analysis was performed with the full factorial

design.

Optimization was performed using the design variables, objective function, and
constraints suggested in Section 2.2. The ranges of the design variables used were

as follows:

-15.0 m<AZci, AZcr,AZc3< 15.0 m
0.0m<x,;<16.0m

0.0m <y <30.0m

0 <z¢ <2 (Number of the deck)

0 <o <1[90 degrees]
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AZ.; means the height change of deck c;. x; is the x-coordinate of equipment e;,
yei 1s the y-coordinate of equipment e, z.; is the z-coordinate of equipment e;. 0¢;
is the orientation of equipment e; expressed in units of 90 degrees. In this study,
we performed full factorial design, dividing all design variables into three levels
(two levels for o.) and performing a sensitivity analysis on 1,458 results of the 1st
stage. The peak-to-peak values of each design variable for the first objective

function (#1) were as Figure 36.

AZ,,[m] AZ ,[m] AZ . [m]
e e ° o °
— ° © o
E
- o °
|59
L ] ® [ ]
x;[m] Ye,Im] z,,[m] 0,,[90]
o i [
° : ® L4
E o o
e o
L ] L ]

Figure 36. Results of sensitivity analysis (Peak-to-peak values)

The results of sensitivity analysis for the first objective function were as Figure

37.
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All variables had similar parameter effects

Parameter effect [%]

AZ,, AZ,, AZ,, Xe; Ve, Ze,

: Oei Design variables

Figure 37. Results of sensitivity analysis (F1)

The parameter effect was calculated how much the peak-to-peak value affects
the objective function. All variables had similar parameter effects except for the

6th design variable (z.;). For all objective functions, this was summarized as

following Figure 38.
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Parameter effect [%]
on

Designvariables (AZ.,,AZ,, AZ,, Xej» Yejs Zejr Oc;

F, F, Fs

Parameter effect [%)]

Designvariables (AZ.,,0Z.,,AZ,, XejrVejrZejs oel_)

Figure 38. Results of sensitivity analysis (All objective functions)

For F3, the height of the two decks where most of the equipment is located had
a greater effect. For F4 and Fs, all design variables contribute uniformly to the
objective function. As a result of performing analysis on all five objective
functions, it was confirmed that all the selected design variables had a similar

effect on each objective function.

3.2. Analysis of objective functions in the 1st stage

In this section, we analyze the relationship between the objective functions in

the 1st stage, proposed in Section 2.2. The relationship between the two objective
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functions was verified by repeating the optimization problem in which two or

three objective functions were selected as objective functions.

The first case is the relation analysis between minimize length of major pipes
and ducts (simplified results) /> and Minimize number of bends of major pipes and

ducts (simplified results) F3 as shown in Figure 39.

30r @

N
®
T

N
]

F3 (Number of bends, Min)
N N
N S
°

N
o
T

18 L 1 . . L . . . . °
300 320 340 360 380 400 420 440 460 480 500

F2 (Length of pipes, Min)

Figure 39. Relation analysis between F> and F3

F> (Pipe length) and F3 (Number of bends) were inversely proportional.
Increasing the length of pipes and ducts connecting equipment could reduce the
number of bends. They are the most conventional and core objective functions, and
they have a clear negative correlation in this study. The second case is the relation

analysis between F'1 and F> as shown in Figure 40.
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Figure 40. Relation analysis between £ and F>

F1 (Occupied volume) was proportional to £ (Pipe length) in the range where
F1 was large but inversely proportional. However, when the distance between
equipment gets closer than a certain level, problems like the example below can
be encountered. If the equipment was densely arranged, pipe routes became longer,

as shown in Figure 41.
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The'equipment wasjtoo
densely arranged

Figure 41. An example of densely arranged equipment

Figure 41 is an example that can show that when equipment is arranged too
densely without considering pipe routing, the length of pipes increases. In
situations like this example, F1 and F> were not simply proportional, so
optimization of the two objective functions is required to minimize both functions.
The next case is the relation analysis between F> (Pipe length) and Fs (Space

availability). The result is shown in the following Figure 42.
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Figure 42. Relation analysis between F> and F4

In Figure 42, F> (Pipe length) and F4 (Space availability) were proportional to
each other. Even in the verification example, they were proportional to each other,
but if there was a bulkhead around the pipe path, the path became different. An

example of an exception is shown in Figure 43.

79



Figure 43. An example of an exception with a bulkhead around the pipe route

Figure 43 shows an exceptional case where the two objective functions may not
be proportional to each other if the pipe routing is performed very inefficiently. It
is also possible to have different results depending on the height of the deck, which
is determined in the 1st stage. The next case is the relation analysis between F)
(Occupied volume) and F4 (Space availability). The result is shown in the following

Figure 44.
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Figure 44. Relation analysis between F1 and F4

In Figure 44, F (Occupied volume) was inversely proportional to F4 (Space
availability). However, while a typical inverse proportionality graph should be
expected, the optimization problem in this study involves discrete design variables

and objective functions, resulting in the Pareto set shown in Figure 44.

As results for analyses of all objective functions, when equipment is densely
arranged, F> (Pipe length) and F4 (Space availability) tend to decrease, but when
the equipment is densely arranged beyond a certain level, the opposite tendency is
shown to secure the space required for equipment maintenance. Space availability
also tends to increase as F> (Pipe length) increases. Also, Equipment arrangement
should be performed without excessively increasing /2 (Pipe length) due to
equipment being overcrowded. The combinations for all objective functions are

shown in Figure 45 and Figure 46.
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Figure 45. The combinations for all objective functions (1)
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Figure 46. The combinations for all objective functions (2)

In Figure 45 and Figure 46, although the number of solutions is small, a

tendency has been identified for each objective function. However, for Fs, the

number of Pareto optimal sets is small because most solutions satisfy the expert

knowledge to a similar level. The analysis of the three objective functions is

shown below. The Pareto optimal set for the proposed optimization problem has

been constructed. For better understanding, the three-dimensional Pareto optimal

set is visualized in two views, as shown in Figure 47.
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Figure 47. The combinations for all objective functions (3)

Figure 47 confirms that each Pareto set was successfully generated. The
number of solutions that constitute the Pareto set for each case is not large, so it
does not exactly create a Pareto surface, but the relation between the objective
functions identified in the second dimension has been confirmed in the third
dimension. The combinations for all objective functions are shown in Figure 48

and Figure 49.
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Figure 48. The combinations for all objective functions (4)
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Figure 49. The combinations for all objective functions (5)
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The relationship analysis for three objective functions shows the same results as
for two objective functions. The objective functions that require minimization have
an inverse relationship with each other and the opposite relationship with the
objective function that requires maximization. Through the verification performed
in this section, it is confirmed that the optimal solution corresponding to the Pareto
optimal set can be obtained by selecting two or three of the objective functions
proposed in this study. This proves that optimization can be successfully performed

even for applications that utilize all five proposed objective functions.

3.3. Equipment arrangement using pipe routing

Section 3.3 verifies the difference between considering and not considering pipe
routing in the equipment arrangement stage (1st stage). Existing studies did not
perform actual pipe routing when performing equipment arrangement but
performed equipment arrangement considering only the distance between
equipment (Gunawan et al., 2021; Wang and Chen, 2021). In this study, in order to
reduce errors and redesign efforts in the pipe routing stage, a simplified pipe routing
is performed in the 1st stage, and an optimal arrangement is performed considering

the total length of pipes as an objective function, as shown in Figure 50.
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Distance between equipment Hy = 3 L(e)) Total length of pipes Hy = Y L(p;)

Figure 50. Comparison of the objective function of the length of pipes

In Figure 50, Case A show the pipe length is calculated using only the
vertical/horizontal distance between equipment centers. In Case B, the pipe length
is calculated by actual pipe routing between equipment. The optimal arrangement

results for the verification cases are shown in Figure 51 and Table 21.

equipment is considered

Figure 51. Results of verification considering pipe routing in the 1st stage (1)
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Table 21 Results of verification considering pipe routing in the 1st stage (2)

Case Using pipe routing Total Space Feasibility | Computation
pipe availability | index time
length (F>2, Max) | (F3, Max) | [sec]
(F1, Min)
[m]
CaseA | X 11.9 51 760 56
CaseB | O 9.7 52 760 245

In Figure 51 and Table 21, because Case A only considered the distance

between the machines, it did not generate a proper pipe route, and a detour was

created. Since Case B used an objective function that considers the actual pipe

routing, the total pipe length (1) is much smaller. Therefore, if pipe routing is not

considered at the stage of equipment arrangement, the pipe routing may not be

performed properly or efficiently.
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4. Applications

The target ship of the optimal arrangement is 320K VLCC (Very Large Crude-
oil Carrier). In applications, optimal arrangements for three decks, 11 equipment,
and 16 pipes in the engine room of 320K VLCC were performed. The principal

dimensions of the target ship are as shown in the table below.

Table 22. Principal dimensions of the target ship

Principal dimensions Value

LOA (Length overall) 332.0m
LBP (Length between perpendiculars) 320.0m

B (Breadth) 60.0 m

D (Depth) 30.5m

Td / Ts (Design draft/Scantling draft) 21.0/22.5m
Deadweight 320,000 ton

4.1. Overview of SyDLab Equipment/Pipe Arrangement

Program

SyDLab Equipment/Pipe Arrangement Program based on the theoretical
background. The program supports equipment arrangement and pipe routing. It is
an in-house program written in C# (.Net), and Unity. It has components of Menu,

3D View, Simplifed View, Expert System View, Report View, etc. The program
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was developed as shown in Figure 52.

SyDLab Equipment/Pipe Arrangement Program E“b‘”" Style Menu

- | Expert System/Report View |

Model Tree/Property View g

opertes

Figure 52. SyDLab Equipment/Pipe Arrangement Program (Simplified View)

In Figure 52, the Ribbon Style Menu at the top allows the designer to select the
model and design stage for the arrangement. The equipment arrangement of the
first stage and the pipe routing of the second stage can be performed separately or
at the same time. In the Model Tree/Property View, you can understand the
relation information and property information of the arranged objects. Simplified
View visualizes the arrangement results in a simplified form so that designers can
easily understand the arrangement results. An illustration of the 3D view is shown

in Figure 53.
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SyDLab Equipment/Pipe Arrangement Program [Ribbon Style Menu
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Figure 53. SyDLab Equipment/Pipe Arrangement Program (3D View)

In Figure 53, 3D View shows the results of visualizing a 3D model of the actual
ship's engine room. Each equipment and pipe is represented with simplified shapes
to clearly show the connections between them and help designers easily recognize

them.
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Figure 54. SyDLab Equipment/Pipe Arrangement Program (Expert System View)

Figure 54 shows the Expert System View of the program. In Expert System View,
you can view, add, and modify the expert knowledge applied to the current
arrangement target. The designer can add, delete, or modify the entered expert

knowledge in the form shown in Figure 55.
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Figure 55. Add/delete new expert knowledge in Expert System View

The expert knowledge is represented by the AEM introduced in Section 2.1, and
the expert knowledge applied to the applications in this study can be found in
Section C of the APPENDICES. Report View visualizes the report for objective
functions, constraint, and lightweight distribution and allows the user to review it.

Figure 56 shows the graph for constraint in Report View.
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Figure 56. SyDLab Equipment/Pipe Arrangement Program (Report View -
Constraints)

Figure 57 shows the screen where the designer can review the lightweight

distribution in Report View.
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Figure 57. SyDLab Equipment/Pipe Arrangement Program (Report View —
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Lightweight distribution)

Using Report View, a designer can review the lightweight distribution that has
changed from the manual design. However, the equipment arrangement for the
engine room in this study does not significantly change the weight distribution over

the length of the ship.

4.2. Equipment Arrangement in Engine Room for 320K
VLCC (1st stage)

In the 1st stage, the location of the deck in the engine room and the optimal
arrangement of the equipment in terms of location and installation orientation is

performed.

4.2.1. Input information

The design of the engine room of an existing ship is presented as a manual
design, designed through expert interviews and previous data. The arrangement
of decks and major equipment in the engine room of a 320K VLCC is shown in

the following Figure 58.
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Figure 58. Decks and equipment arrangement of the manual design

In the engine room, the arrangement targets are three decks, 12 major

equipment, and the pipes connecting the equipment. The result of calculating the

objective function proposed in Section 2.2 for manual design is shown in Table

23 and Table 24.

Table 23. Deck heights of the manual design

Manual design

Lower deck [m]

183.0
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Ist deck [m]

119.0

2nd deck [m]

60.0

Table 24. Comparison of global optimization algorithms in the test case

Objective function

Manual design

F .

(Min) Length of pipes and ducts [m] 910
Economics

F;

(Min) Number of bends 27

F1 . 3

(Min) Occupied volume [m’] 54,416
Space availability

Fy oo .

(Max) Space availability of equipment | 78.75
Expert system g\s/[ax) Feasibility index 16,581

The optimal arrangement is performed for the design variables and objective

functions introduced in Section 2.2. The engine room, the space where the

arrangement is performed, is 38.2 m wide, 60.0 m long, and 30.0 m high. The ranges

of the design variables used are as follows:

-15.0 m <AZci, AZcy,AZc3< 15.0 m

0.0 m <x,;<60.0m

0.0m<y,;<382m



0 <z¢ <2 (deck)

0 <0, <3 [90 degrees]

AZ.; means the height change of deck c;. x,; is the x-coordinate of equipment ¢,
yei 1s the y-coordinate of equipment ej, z.; is the z-coordinate of equipment e;. 0c;
is the orientation of equipment e; expressed in units of 90 degrees. The equipment
arrangement problem is a multi-objective optimization problem. Since it is not
practical to show all the optimization results for the five objective functions, we

present the results for representative cases, as shown in Table 25.

Table 25. Categorized objective functions for economics, space availability, and
expert systems

Objective function

F> (Min) Length of pipes and ducts
Economics (Fk)
F3 (Min) Number of bends
o F1 (Min) Occupied volume
Space availability
(Fs) F4 (Max) Space availability of equipment
Expert system Fs (Max) Feasibility index

To present representative cases, we have divided the objective functions into
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three categories. /2 and F3 are objective functions related to economics, F1 and Fi
are objective functions related to space availability. Finally, Fs is an objective
function related to expert systems. We normalized the proposed objective

functions to values between 0 and 1.

The solutions of the optimization results using the proposed objective functions

are shown in Figure 59.
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Figure 59. Pareto optimal of the 1st stage

Figure 59 shows the Pareto optimal obtained using the multi-objective
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optimization method for F;, F>, F3, and F.. The figure was plotted except for F’,
where the difference between the Pareto optimal was insignificant. Figure 60 shows
Pareto fronts which were represented by a combination of two objective functions

chosen from F;, >, F3, and Fy.
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Figure 60. Preto fronts with combinations of two objective functions
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In Figure 60, the Pareto optimal set for the five objective functions is visualized

in two dimensions, therefore the Pareto lines are not clearly visualized. The best

optimal solution with Fi, F>, and F4 were selected, as shown in Figure 61, Figure

62, and Figure 63.
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In solutions, the solutions represented by the red circles were the optimal fronts.
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Case 1 was the most economical case with the most optimized value of /1 and F4.
Case 2 is the most space-available case with the best /. Case 3 is the balanced case
where both objective functions are properly considered. We present the results of

each optimal front case in this section.

4.2.2. Case 1 results for the 1st stage

Case 1 is the best case for an objective function related to economics. The result

of the arrangement of the decks for Case 1 is shown in Figure 64 and Table 26.

Manual design (Section view) Case 1 (Section view)

Figure 64. The result of the arrangement of decks for Case 1

Table 26. Deck heights of Case 1
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Manual design

Optimal design

results (Case 1)

Lower deck [m] 183.0 186.0
Ist deck [m] 119.0 132.0
2nd deck [m] 60.0 69.0

In Figure 64 and Table 26, the height all three were increased. The spacing

between the 1st deck, where most of the equipment is installed, and the other decks

has been reduced. This is a result of optimization to reduce the occupied volume of

equipment and reduce the length of pipes. The results of the equipment arrangement

for Case 1 are shown in Figure 65 and Table 27.

<ISO view>

<Plan view>

<Section view>

Figure 65. The result of the arrangement of equipment for Case 1

Table 27. Results of Case 1
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Optimal

Manual desi
Objective function design gn
results (Case
results
1)
£ Length of pipes and o
(Min) | ducts 910 608 (-33.2%)
Economics
F3 0
(Min) Number of bends 27 23 (-14.8%)
Fi . 40,547 (-
Space (Min) Occupied volume 54,416 25.5%)
availability | Space availability of 7875 215
(Max) | equipment ’ (+173.0%)
Expert Fs e 20,800
system (Max) Feasibility index 16,581 (+25.4%)

As a result of the optimal arrangement for Case 1, all objective functions were
improved, especially objective functions related to economics. F> was improved
by 33.2% compared to manual design results, and F3 was improved by 14.8%
compared to manual design results. F; and F4 related to space availability

improved by 25.5% and 173.0%, compared to manual design, and the feasibility

index for expert knowledge (Fs) improved by 25.4%.

4.2.3. Case 2 results for the 1st stage

Case 2 considers objective functions related to space availability. The result of

the arrangement of the decks for Case 2 is shown in Figure 66 and Table 28.
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Manual design (Section view)

Case 2 (Section view)

Figure 66. The result of the arrangement of decks for Case 2

Table 28. Deck heights of Case 2

. Optimal design
Manual design results (Case 2)
Lower deck [m] 183.0 178.0
Ist deck [m] 119.0 122.0
2nd deck [m] 60.0 69.0

As result of the arrangement of decks for Case 2, the height of the lower deck
was decreased, and the heights of 1st deck and 2nd deck were increased. As in
Case 1, the optimization is performed in the direction of closing the other two

decks to the 1st deck. The results of the equipment arrangement for Case 2 are

shown in Figure 67 and Table 29.
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<ISO view>

<Plan view>

<Section view>

Figure 67. The result of the arrangement of equipment for Case 2

Table 29. Results of Case 2

Manual dOg)stilgr?lal
Objective function design results (Case
results
2)
F Length of pipes and o
(Min) | ducts 910 632 (-30.5%)
Economics
F3 )
(Min) Number of bends 27 23 (-14.8%)
Fi . 33,221 (-
Space (Min) Occupied volume 54,416 38.9%)
availability | g, Space availability of | ¢ - 308
(Max) | equipment ’ (+291.1%)
Expert Fs e 20,900
system (Max) Feasibility index 16,581 (+26.0%)

In Table 29, as a result of the optimal arrangement, all objective functions were

improved, especially objective functions related to space availability. F; was
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improved by 38.9% compared to manual design results, and F4 was improved by
291.1% compared to manual design results. Fs also improved by 26.0%.
Compared to Case 1, where the objective functions related to Economics were
better improved, those objective functions were improved less, but other objective

functions were improved more.

4.2.4. Case 3 results for the 1st stage

Case 3 is the case where all objective functions are considered in balance. The
result of the arrangement of the decks for Case 3 is shown in Figure 68 and Table

30.

Manual design (Section view) Case 3 (Section view)

Figure 68. The result of the arrangement of decks for Case 3

Table 30. Deck heights of Case 3
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Optimal design

Manual design results (Case 3)

Lower deck [m] 183.0 181.0
Ist deck [m] 119.0 120.0
2nd deck [m] 60.0 64.0

As a result of the arrangement for Case 3, the height of the lower deck and 1st

deck decreased. The results of the equipment arrangement for Case 3 are shown

in Figure 69 and Table 31.

<ISO view> <Plan view> <Section view>

Figure 69. The result of the arrangement of equipment for Case 3

Table 31. Results of Case 3

Optimal
. . Manual | design
Objective function design results (Case
3)
Economics | F» Length of pipes and | 910 636 (-30.1%)
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(Min) ducts

F3 0

(Min) Number of bends 27 21 (-22.2%)

F . 33,644 (-
Space (Min) Occupied volume 54,416 38.2%)

availability | g, Space availability of

(Max) | equipment 78.75 144 (+82.9%)

Expert Fs
system (Max)

20,800

Feasibility index 16,581 (+25.4%)

As a result of the arrangement for Case 3, there were balanced improvements
to all objective functions. F> improved by 30.1%, and F3 improved by 22.2%
compared to manual design results. F1 improved by 38.2%, and Fs improved by
82.9%. Fs, an objective function related to expert systems, also improved by 25.4%

compared to manual design results.

4.2.5. Summary of the 1st stage results

Table 32 summarizes the results of the optimal arrangement performed for the 1st
stage.

Table 32. Summary of the 1st stage results

Manual | Best F; Best > Best Fy

Objective function design | (Case 1) (Case 2) (Case 3)
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F, | Lengthof 532 (- 492 (- 632 (-
. pipes and 910
(Min) d 41.5%) 45.9%) 30.5%)
Economics ucts [m]
F3 Number of 27 21 (- 22 (- 23 (-
(Min) | bends 22.2%) 18.5%) 14.8%)
Occupied
Fi ' volume 54.416 28,214 (- 29,228 (- 33,221 (-
(Min) [m3] 48.1%) 46.3%) 38.9%)
Space
availability Space
Fy availability 7875 206 188 308
(Max) | of ' (+161.6%) | (+138.7%) | (+291.1%)
equipment
Expert Fs Feasibility 16.581 20,800 20,900 20,900
system (Max) | index ’ (+25.4%) | (+26.0%) | (+26.0%)
Improvement rate (Average) 59.8% 55.1% 80.3%

In Case 1, the objective function related to economics was improved. Compared

to the manual design, the objective functions in Case 1 improved by an average of

59.8%. In Case 2, the objective functions related to space availability were

improved the most, and in particular, the space availability of equipment was

improved the most. Also, the feasibility index showed the best results among the

cases. Compared to the manual design, the objective functions in Case 2 improved

by an average of 55.1%. Finally, in Case 3, all objective functions were improved

evenly. Compared to the manual design, the objective functions in Case 3 improved

by an average of 80.3%. The optimization results for the 1st stage showed that the

objective function could be significantly improved in all cases. The manual design

being compared is a reconstruction based on expert knowledge and drawings that
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closely approximates the design used on the actual ship. There is some expert
knowledge that cannot be expressed, and the manual design sacrifices objective
functions for ease of production. Since we only arranged 11 major equipment, we
could not evaluate other equipment. We hope to compensate for this in future

research.

Overall, among the optimal solutions, we chose Case 3 with the largest
improvement in F4 and average objective functions to perform the 2nd stage, pipe

routing.

4.3. Pipe Routing Design in Engine Room for 320K
VLCC
(2nd stage)

In the 2nd stage of the arrangement, pipe routing design is performed based on
the results of equipment arrangement in Case 3 of Section 4.2. The result of

formulating the problem of the 2nd stage proposed in Section 2.3 is as follows.

In the 2nd stage, each coordinate of the pipe nodes 7; (x, y, z) was set as a design
variable. For the pipe routing, we performed the larger diameter pipes first. For
objective functions, minimize total length of pipes (#1), minimize total number of
bends (F2), maximize space availability of pipes (F3), and maximize feasibility

index of pipes (F4) were set. For constraints, collision with obstacles in the
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equipment installation area (pipe Installation available area) was checked. For the

route generation method, JPS algorithm was used.

As in the first stage, three pipe routing design cases were proposed by
combining the objective functions proposed in Section 2.3. Case 1 considered the
objective function related to economics, and Case 2 considered the objective
function related to spatial availability. In Case 3, all objective functions were
considered balanced, and the feasibility index of expert knowledge was
considered in all cases. After normalizing the value of each objective function

between 0 and 1, it is calculated by Eq. (14)

F=wF+w,F,+wF, +w,F, (14)

In Eq. (14), wx are weights between 0 and 1 for each objective function. The
optimal solution was derived by assigning weight factors to each objective
function. The case study in this section was applied to examine the effect of weight

factors for each objective function.

This study presents an initial design to be used as a standard for pipe routing
results. This is pipe routing results considering only the basic objective functions.
Among the objective functions proposed in Section 2.3, only F1 and F> were
considered, and pipe routing was performed for 16 major pipelines. The results

are shown in Figure 70 and Table 33.
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<ISO view>

<Plan view>

Figure 70. Results of initial design results (1)

Table 33. Results of initial design results (2)

<Section view>

Economics Initial
Objective function (Case 1) design
results
F Length of pipes
(Min) and ducts [m] 0.25 1775
Economics
s
(Min) Number of bends 0.25 31
Space F3 Space availability 0 768
availability (Max) | of pipes
Fy el
Expert system (Max) Feasibility index 0.5 4,989

In Figure 70 and Table 33, pipe routing was performed to optimize F and F>,

which were considered as objective functions. However, F3 and s, which were not

considered as objective functions, were not optimized. In Section 4.3, the pipe

routing results are compared against the initial design.
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4.3.1. Case 1 results for the 2nd stage

Case 1 is the result of performing pipe routing considering the length of pipes
and ducts (F1), and number of bends (F>) related to economics as the objective

functions. The results are shown in Figure 71 and Table 34.

—

<
<ISO view> <Plan view> <Section view>

Figure 71. Results of Case 1 in the 2nd stage (1)

Table 34. Results of Case 1 in the 2nd stage (2)

. .. Optimal
. . Economics Initial .
Objective function (Case 1) desi design
EN hesults
F Length of pipes 1,773
(Min) and ducts [m] 0.25 1775 (-0.1%)
Economics
F . Number of bends 0.25 31 31
(Min) ) (+0.0%)
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Space F3 Space availability 0 768 915.0
availability (Max) | of pipes (+19.1%)
Fy e 5021.5
Expert system (Max) Feasibility index 0.5 4,989 (+0.7%)

As a result of pipe routing for Case 1, F1, F>, and F’s considered in Case 1 did

not achieve better results compared to the initial design. Compared to the initial

design, F1, F>, and F’s are 2.7%, 7.4%, and 0.8% worse, respectively. In Case 1,

space availability was not considered, so pipe routing was performed at the height

where pipe support is difficult to install. The following Figure 72.

<ISO view>

Figure 72. Problematic pipe routing at a height where pipe support is difficult to

install

The red rectangle in Figure 72 was the result of performing pipe routing at a

height where it was difficult to install pipe supports because space availability was
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not considered.

4.3.2. Case 2 results for the 2nd stage

Case 2 is the result of performing pipe routing considering an objective

function related to space availability. The results are shown in Figure 73 and Table

35.
<ISO view> N :Plan view> ection view>
Figure 73. Results of Case 2 in the 2nd stage (1)
Table 35. Results of Case 2 in the 2nd stage (2)
Space . Optimal
Objective function availability fjr:stilail design
(Case 2) & results
. F Length of pipes 1,975
Economics (Min) | and ducts [m] 0 L7751 (113%)
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F 275
(Min) Number of bends 0 31 (+787.1%)
S Y Space availability 840.0
Space availability| (Max) | of pipes 0.25 768 (+9.4%)
F., e 4,300.8
Expert system (Max) Feasibility index 0.5 4,989 (-13.8%)

The pipe routing for Case 2 resulted in a lot of bends, and the length of the

pipes was not taken into account at all. Compared to the initial design, F3 did not

improve, Fj increased by 4.0%, and F> increased by 311.1%.

4.3.3. Case 3 results for the 2nd stage

Case 3 is the result of pipe routing considering all the proposed objective

functions in a balanced case. The results are shown in Figure 74 and Table 36.

<ISO view>

<Plan view>

Figure 74 Results of Case 3 in the 2nd stage (1)
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Table 36. Results of Case 3 in the 2nd stage (2)

L . Balance Initial Opt.lrnal
Objective function (Case 3) desi design
BN fresults
F Length of pipes 0.2 1775 L775
(Min) | and ducts [m] ’ ’ (+0.0%)
Economics o
F 29
(Min) Number of bends 0.2 31 (-6.5%)
Space F3 Space availability 0.2 763 911.3
availability (Max) | of pipes ’ (+18.6%)
Fy e 5,002.1
Expert system (Max) Feasibility index 0.2 4,989 (+0.26%)

As aresult of pipe routing for Case 3, each objective function improved by 5.1%

for F’s and 0.2% for F3 compared to the initial design. All five objective functions

are optimized well.

4.3.4. Summary of the 2nd stage results

A summary of the results for all cases is shown in Table 37.

Table 37. Summary of pipe routing results for 2nd stage
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Space

Objective function ilmtilail Fé:;)no?;lcs availability ?gellanc;)
esig se (Case 2) se
i Iﬂii)tgsth(g 1,775 1,773 Lo7s | 7P
1 > -0. 0 + X 0,
Economics (Min) | @0 [m] (-0.1%) | (+11.3%) (+0.0%)
F Number of 31 31 275 29
(Min) | bends (+0.0%)  [(+787.1%)| (-6.5%)
Space Fs Space 915.0 840.0 | 911.3
availability (Max) | 2Vailability | 768 (+19.1%) | (+9.4%) |(+18.6%)
of pipes ) ) )
Expert F, Feasibility 4.989 5021.5 4,300.8 | 5,002.1
system (Max) | index ’ (+0.7%) (-13.8%) [(1+0.26%)
Improvement rate (Average) 4.0% -160.6% | 5.1%

In Case 1, the objective function related to economics was improved.

Compared to the initial design, objective functions in Case 1 improved by an

average of 4.0%. In Case 2, many bends occurred because the bends were not

considered, which would cause serious pressure drops and increase costs. In Case

3, all objective functions were improved evenly. Compared to the initial design,

objective functions in Case 3 improved by an average of 5.1%. This confirms that

a pipe routing design that utilizes the objective functions proposed in this study

evenly can generate pipe routes that fit the designer's intention.
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5. Conclusions and future works

5.1. Summary

This study focused on the optimal arrangement of equipment and pipes in a
ship’s engine room. For the arrangement, an expert system was applied to apply
expert knowledge and know-how. In addition, a two-stage optimization method
was proposed to perform equipment arrangement and pipe routing effectively. The
proposed method was applied to the engine room arrangement of a 320K VLCC
through the developed program, and the results were compared/analyzed with the

manual design.

Firstly, the expert system for the ship’s engine room arrangement was
introduced to develop the arrangement process. The data required for the
arrangement was stored in the ATM by the expert system and evaluated by AEM.
In this process, we improved AEM to adapt it to the arrangement of this study.
The feasibility index calculated by the expert system was utilized as an objective

function in the equipment arrangement and pipe routing process.

In two-stage optimization, the first stage performed the optimal arrangement of
the height of the deck in the engine room and the location and orientation of the
equipment. The objective functions were the occupied volume of the engine room,
the length and the number of bends in pipes and bends, the space availability of

the equipment, and the feasibility index of the equipment. The area in which the
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equipment can be installed was set as a constraint. For equipment arrangement,
several global optimization methods were applied, and the most suitable method

for this study was selected.

The second stage optimizes the routing of the pipes and ducts connecting the
arranged equipment. This process determined the coordinates of the nodes that
compose the pipe routing, and the objective function calculated the total length of
pipes and the total number of bends, the space availability of pipes, and the
feasibility for expert knowledge. The constraints were installation availability,
taking into account the arrangement of the equipment and existing pipes and ducts.
For the route generation method, both optimization and pathfinding algorithms
are examined, and the JPS algorithm was selected for pipe routing. In addition, a

dynamic grid method was used to improve the computation time for pipe routing.

In the verification section, several verification examples were provided for
verifying variables and objective functions of the optimization problem. The test

examples and methods are summarized in Table 38.

Table 38 Verification cases

Verifications Tests Method

Design of Comparison of

Sensitivity analysis Sensitivity analysis | experiment using
the Taguchi method parameter effects
Analysis of objective . . Relationship analysis
S Relationsh L
functions in the 1st aneailyls(i);ls P between objective

stage functions
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Equipment
arrangement using
pipe routing

Optimal equipment
arrangement

Simple arrangement
cases

Comparison of
equipment
arrangements with
and without pipe
routing

Finally, to verify the effectiveness of the proposed method, the optimal layout

of the engine room of a 320,000-ton deadweight very large crude carrier (VLCC)

was performed. The results verified that the proposed method could derive the

optimal arrangement for the decks, equipment, and pipes of the ship’s engine room.

5.2. Contributions (Originality)

This study has several contributions distinguished from the other works.

5.2.1. Theoretical contributions

In this study, an expert system was used to evaluate the feasibility index of expert

knowledge of design alternatives for equipment arrangement and pipe routing. In

this process, we proposed an Arrangement Evaluation Model that adds properties

of the object to be suitable equipment and pipes. The improved expert system was

utilized to represent and evaluate the expert knowledge related to equipment

arrangement and pipe routing and the optimal arrangement method of equipment

and pipes inside the engine room, considering the expert knowledge was proposed.
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5.2.2. Contributions for application

This study proposed several methods for equipment arrangement to improve the
accuracy of equipment arrangement. In the optimization process, this study
proposed an optimal equipment arrangement method that considers space
availability and expert knowledge as objective functions. In addition, this study
proposed a method that can derive a more accurate optimal arrangement by
considering the equipment and piping arrangement of the ship together to perform
equipment arrangement inside the engine room and propose an improved

equipment arrangement.

In the piping arrangement stage, we proposed a method to perform optimal pipe

routing considering the economics and space availability of design alternatives.

5.2.3. Other contributions

The proposed equipment arrangement and pipe routing for ship’s engine room
were all developed as the program in C# programing language and Unity. The
program helps designers review the situation with the equipment arrangement, pipe

routing, and expert system.
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5.3. Future works

Future research will focus on the validation and improvement of the suggested
methods. The computation time required for the pipe arrangement process will be
improved. Then, the optimization of the feasibility index will be improved by
utilizing a hybrid method or by improving the heuristic function of the route
generation algorithm. The hybrid method is a method that combines an
optimization method and a route generation method for pipe routing to optimize
objective functions globally. The proposed route generation method is focused on
providing fast results in the pipe routing stage because it only presents one route
at a time. However, it is not suitable for calculating and optimizing various
properties of the pipe, such as stress calculation and pressure drop. The hybrid
method is expected to be able to perform pipe routing with these shortcomings.
One of the other possible improvements is the enhancement of the heuristic
function, which is expected to take into account future expert knowledge in route
selection. Also, the pressure drop and flow rate for the branch pipe routing will be
calculated, and the optimal pipe routing method considering this will be studied.
Moreover, system and equipment modules often make equipment arrangements
and pipe routing in the actual arrangement design process. By dividing the process
of pipe routing into a pattern constituting an equipment module and a general line,
the arrangement process considering the characteristics of the actual design will
be performed. Various bending angles of pipes should also be considered. In this

study, only pipe routing in the length-breadth-depth direction of the ship was
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performed, but some pipes in the actual ship may have diagonal routes, which
should be considered. Finally, additional expert knowledge will be secured

through collaboration with each shipyard, and arrangement results will be verified.

126



Reference

Ando, Y., Kimura, H., 2011. An automatic piping algorithm including elbows and bends, in:
International Conference on Computer Applications in Shipbuilding 2011 (ICCAS2011). pp.
153-158.

Deb, K., Pratap, A., Agarwal, S., Meyarivan, T., 2002. A fast and elitist multiobjective genetic
algorithm: nsga-ii. IEEE Transactions on Evolutionary Computation 6, 182-197.
https://doi.org/10.1109/4235.996017.

Dong, Z., Bian, X., 2020. Ship pipe route design using improved a* algorithm and genetic algorithm.
IEEE Access 8, 153273—-153296. https://doi.org/10.1109/ACCESS.2020.3018145.

Dong, Z. ran, Bian, X. yi, Zhao, S., 2022. Ship pipe route design using improved multi-objective ant
colony optimization. Ocean Engineering 258, 111789.
https://doi.org/10.1016/J.OCEANENG.2022.111789.

Furuholmen, M., Glette, K., Hovin, M., Torresen, J., 2010. Evolutionary approaches to the three-
dimensional multi-pipe routing problem: a comparative study using direct encodings. Springer,
Berlin, Heidelberg, pp. 71-82. https://doi.org/10.1007/978-3-642-12139-5 7.

Gunawan, G., Utomo, A.S.A., Hamada, K., Ouchi, K., Yamamoto, H., Sueshige, Y., 2021.
Optimization of module arrangement in ship engine room. Journal of Ship Production and
Design 37, 54—66. https://doi.org/10.5957/jspd.12190066.

Gunawan, Hamada, K., Kunihiro, K., Utomo, A.S.A., Ahli, M., Lesmana, R., Cornelius, Kobayashi,
Y., Yoshimoto, T., Shimizu, T., 2022. Automated pipe routing optimization for ship machinery.
Journal of Marine Science and Application 21, 170—178. https://doi.org/10.1007/s11804-022-
00269-8.

Harabor, D., Grastien, A., 2011. Online graph pruning for pathfinding on grid maps. Proceedings of
the AAAI Conference on Artificial Intelligence 25, 1114-1119.
https://doi.org/10.1609/AAAL.V2511.7994.

Jiang, W.Y., Lin, Y., Chen, M., Yu, Y.Y., 2015. A co-evolutionary improved multi-ant colony
optimization for ship multiple and branch pipe route design. Ocean Engineering 102, 63—70.
https://doi.org/10.1016/j.oceaneng.2015.04.028.

Jung, S.K., Roh, M. I, Kim, K.S., 2018. Arrangement method of a naval surface ship considering
stability, operability, and survivability. Ocean Engineering 152, 316-333.
https://doi.org/10.1016/J.OCEANENG.2018.01.058.

Kang, J.Y., Lee, B.S., 2017. Optimisation of pipeline route in the presence of obstacles based on a
least cost path algorithm and laplacian smoothing. International Journal of Naval Architecture
and Ocean Engineering 9, 492—498. https://doi.org/10.1016/J.1JNAOE.2017.02.001.

Kendal, S.L., Creen, M., 2007. An Introduction to Knowledge Engineering. Spring, London.

Kim, K.S., Roh, M. I, 2016. A submarine arrangement design program based on the expert system
and the multistage optimization. Advances in Engineering Software 98, 97-111.
https://doi.org/10.1016/J. ADVENGSOFT.2016.04.008.

Kim, K.S., Roh, M. 11, Ha, S., 2015a. Expert system based on the arrangement evaluation model for
the arrangement design of a submarine. Expert Syst Appl 42, 8731-8744.
https://doi.org/10.1016/J. ESWA.2015.07.026.

Kim, K.S., Roh, M. I1, Ha, S., 2015b. Expert system based on the arrangement evaluation model for
the arrangement design of a submarine. Expert Syst Appl 42, 8731-8744.
https://doi.org/10.1016/j.eswa.2015.07.026.

Kim, Saekyeol, Kim, Shinyu, Choi, T., Kwon, T., Lee, T.H., Lee, K., 2021. Automatic design system
for generating routing layout of tubes, hoses, and cable harnesses in a commercial truck. J

127



Comput Des Eng 8, 1098—1114. https://doi.org/10.1093/JCDE/QWABO034.

Kim, S.-H., Ruy, W.-S., Jang, B.S., 2013. The development of a practical pipe auto-routing system
in a shipbuilding cad environment using network optimization. International Journal of Naval
Architecture and Ocean Engineering 5.

Kim, S.K., Roh, M. I, Kim, K.S., 2017. Evaluation of feasibility index in the arrangement design
of an offshore topside based on the automatic transformation of experts’ knowledge and the
fuzzy logic. Ocean Engineering 130, 284-299.
https://doi.org/10.1016/J.OCEANENG.2016.11.057.

Kim, Y., Lee, K., Nam, B., Han, Y., 2023. Application of reinforcement learning based on curriculum
learning for the pipe auto-routing of ships. J Comput Des Eng 10, 318-328.
https://doi.org/10.1093/JCDE/QWADO01.

Kimura, H., Ikehira, S., 2009. International conference on computer applications in shipbuilding
( iccas-2009 ) shanghai , china automatic design for pipe arrangement considering valve
international conference on computer applications in shipbuilding ( iccas-2009 ) shanghai ,
china 2.

Lee, B.C., Choi, Y., Chung, H., 2021. Firefighting equipment arrangement optimization for an
offshore  platform  considering travel distancess. J Mar Sci Eng 9.
https://doi.org/10.3390/jmse9050503.

Lee, J.-B., Roh, M.-I., Oh, M.-J., 2019. Pipe routing of offshore structure considering space
availability. Korean Journal of Computational Design and Engineering 24, 280-288.
https://doi.org/10.7315/cde.2019.280.

Li, J., Guo, H., Zhang, S., Wu, X., Shi, L., 2019. Optimum design of ship cabin equipment layout
based on slp method and genetic algorithm. Math Probl Eng 2019.
https://doi.org/10.1155/2019/9492583.

Min, J.G., Ruy, W.S., Park, C.S., 2020. Faster pipe auto-routing using improved jump point search.
International Journal of Naval Architecture and Ocean Engineering 12, 596-604.
https://doi.org/10.1016/J.1INAOE.2020.07.004.

Park, J.H., Storch, R.L., 2002. Pipe-routing algorithm development: case study of a ship engine
room design. Expert Syst Appl 23, 299-309. https://doi.org/10.1016/S0957-4174(02)00049-
0.

Shao, X.Y., Chu, X.Z., Qiu, H.B., Gao, L., Yan, J., 2009. An expert system using rough sets theory
for aided conceptual design of ship’s engine room automation. Expert Syst Appl 36, 3223—
3233. https://doi.org/10.1016/J. ESWA.2008.01.011.

Shin, D., Park, B., Lim, C., Oh, S., Kim, G., Shin, S., 2020. Pipe routing using reinforcement
learning on initial design stage. Journal of the Society of Naval Architects of Korea 57, 191—
197. https://doi.org/10.3744/SNAK.2020.57.4.191.

Wang, H., Chen, S., 2021. An approach to ship deck arrangement optimization problem using an
improved multiobjective hybrid genetic algorithm. Math Probl Eng 2021.
https://doi.org/10.1155/2021/8784923.

Wang, Y. long, Yu, Y. yun, Li, K., Zhao, X. guo, Guan, G., 2018. A human-computer cooperation
improved ant colony optimization for ship pipe route design. Ocean Engineering 150, 12-20.
https://doi.org/10.1016/J.OCEANENG.2017.12.024.

Zitzler, E., Technische, E., Zirich, H., 1999. Evolutionary algorithms for multiobjective
optimization: methods and applications.

128



APPENDICES

A. Pressure drop of pipes

In this section, a review of the selection of pressure drop of pipes as the
objective function is performed. For the verification case, the objective functions
and constraints proposed in Section 2.3 were used for pipe routing. For the route
generation method, the A* algorithm was used. The verification case is shown in
Figure 75, where pipe routing was performed for two pipes connecting equipment

A and equipment B.

Equipment A

Impenetrable bulkhead

EquipmentB

Figure 75. Verification case for pipe routing considering pressure drop of fluids
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The results are shown in Figure 76 and Table 39. Case C is the verification case

without considering the pressure drop of fluids in pipes, and Case D is the

verification case considering the pressure drop of pipes.

Case C (Without considering pressure drop of fluids)

Case D (Considering pressure drop of fluids)

Figure 76. Results of verification cases for pipe routing considering pressure drop
of fluids (1)

Table 39 Results of verification cases for pipe routing considering pressure drop

of fluids (2)
Total Total
c pipe number - Pressure
Considering length | of Spaf: © Fea51b111ty drop of | Computation
Case | pressure (F bends availability | index (Fa, iDes time [sec]
drop - (F3, Max) Max) pIp
Min) (F>, [Pa]
[m] Min)
gase X 189 |5 9.6 388 592 4.2
]()Jase o) 189 | 4 2.8 329.5 445 6.2
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In Figure 76 and Table 39, pipe routing with less bending and pressure drop
could be proposed, although Case D takes more computation time than Case C.
According to the verification cases, considering pressure drops of pipes as the
objective function decreases the space availability and feasibility index but
reduces the total number of bends. However, this objective function is redundant
with F1 and F>, and it has a negative impact on the computation time, as shown in
Table 39. Therefore, pressure drop was not selected as the objective function in

this study.
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B. Additional verification

In this section, the following verification cases are defined to verify the
effectiveness of the objective functions of the proposed method described in the
previous section. Table 40 summarizes the objective functions considered for each

verification case.

Table 40. Cases for the verification of the proposed method

Cases ;Ft(‘);lpl:lrlffl lge Total number | Avg. space ?e\z;fi.bility Dynamic
(1) of bends (f2) | factor (f3) index (f4) grid
arle o ko x
G o 0 0 x X
il N N R CR
o o e
O O O E
sl fo To

Cases A-1 and A-2 verified the design differences when the space factor was
considered for simple pipe routing. Cases B-1 and B-2 verified whether a path
maximizing the feasibility index can be generated effectively when expert

knowledge of the z-coordinate of the nodes constituting the pipe exists. The unit
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of the coordinates in all the cases was meter.

B.1. Verification cases for the space factor

Cases A-1 and A-2 are examples of pipe routing that connect two equipment,

with the start point (1.0, 1.0, 2.0) and end point (6.0, 1.0, 2.0). There is an

impenetrable wall at x < 0 m. The results of the pipe routing are shown in Figure

77.

End point: (6.0, 1.0,2.0)

Start point: (1.0, 1.0, 2.0)

Pipe impenetrable wall

Case A-1
Start point: (1.0, 1.0,2.0) End point: (6.0, 1.0,2.0)
Equip.A Equip. B

Start point: (1.0, 1.0, 2.0)

Start point: (1.0, 1.0, 2.0)

End point: (6.0, 1.0, 2.0)

End point: (6.0, 1.0,2.0)

Case A-2

Figure 77. Results of Cases A-1 and A-2 (1)
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The results of pipe routing for Case A are shown in Table 41.

Table 41. Results of Cases A-1 and A-2 (2)

Cases Considering space Minimum distance to | Total length of pipe
avg. space factor (f3) | the wall [m] route [m]

Case A-1 X 0.5 5.0

Case A-2 o 0 6.0

In Case A-1, because only the total length of the pipe route and total number
of bends were set as objective functions, the pipe route was designed as a straight
line that minimized the pipe length and bends regardless of the wall. Thus, the
minimum distance to the wall in Case A-1 was 0.5 m, and the total length of the
pipe route was 5.0 m. In contrast, in Case A-2, which additionally set the space
factor as the objective function, the designed route was attached to the wall to
increase the space availability. Therefore, the total length of the pipe route was
6.0 m, which is longer than Case A-1. However, the minimum distance to the wall
was 0 m. As shown in the results of Case A, setting the space factor as the
objective function can increase space availability and allow for design

considerations such as reducing the distance from the wall to install pipe supports.

B.2. Verification cases for the expert system
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Cases B-1 and B-2 are examples of pipe routing that connect two equipment
with the start point (1.0, 1.0, 1.4) and end point (6.0, 1.0, 1.4). The expert

knowledge applied to Case B is presented in Table 42.

Table 42. Expert knowledge of Case B

. Property
Object Ta¥get of target | Attribute Target value Knowlgdge
ID object . expression
object
IF Node z-
Node z- coordinate >

A001 | Node All coordinate 1350 MAX mm | 1350 mm
THEN 100 ELSE
0

The results of pipe routing for Case B are shown in Figure 78.
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Equip. B

Equip. A End point: (6.0, 1.0, 1.

End point: (6.0, 1.0,

Start 1.0,1.4)
2
g i/x Case B-1 Case B-2
Sta (1.0, 1.0, 1.4) End point: (6. S : (1.0, 1.0, 1.4) End , 1.0, 1.4)
z L
Figure 78. Results of Cases B-1 and B-2 (1)
The results of pipe routing for Case B are shown in Table 43.
Table 43. Results of Cases B-1 and B-2 (2)
Considering space The number of nodes .
Cases avg. feasibility index | satisfying expert ;{?&?el l[zligth of pipe
(f4) knowledge
Case B-1 X 0 5.0
Case B-2 (0] 20 5.1
136



In Case B-1, because the total length of the pipe route and total number of
bends were set as the objective functions, the pipe route was designed as a straight
line connecting the start and end points without considering expert knowledge. As
a result, a pipe route with a total length of 5.0 m was generated. In contrast, in
Case B-2, where the feasibility index for expert knowledge was also set as the
objective function, a pipe route was designed by constructing nodes with z-
coordinates suitable for expert knowledge. Therefore, the total length of the pipe
route was 5.1 m, which was longer than the route of Case B-1. However, the
number of nodes satisfying expert knowledge was 20, thereby maximizing the

average feasibility index.

For additional verification, for the 1st stage in Section 4.2, we verified that the
Ist stage arrangement results change significantly with and without the use of the
objective function Fs (Feasibility index). The expert knowledge in Table 44 is the
expert knowledge that restricts the arrangement direction of the purifier to 0

degrees (stern direction) for the connection with other equipment.

Table 44. Expert knowledge of equipment arrangement (Object information)

Propert
Objec | Target y of . Target Knowledg Consideratio
. Attribute e
tID object target value . n type
: expression
object
IF
. . . Orientation
E004 tEqulprnen Purifier I?rlentatlo g_EXT_ -0 3
THEN
100
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ELSE 0

Figure 79 and Table 45 are the results of the 1st stage with and without F’s as

the objective function.

Case 1 (With F;) Case 2 (Without F;)

[ = ———

Figure 79. Arrangement results of the 1st stage with/without F’s

Table 45. Results of the 1st stage with/without Fs

Occupied
volume Total Space —
ofthe | pipe Number | availability Fej‘“bﬂflty

Case engine length ofbends | of mndex o
room (F2, Min) | (F3, Max) | equipment all;rarll\g/glement
(F1, Min) | [m] (Fy, Max) | > Max)
[m]

Case 1

(With 32,011.6 | 9,268.0 46 181.0 20,800

Fs)
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Case 2
(Without
Fs)

35,876.4

8,968.0

46

271.0

If the objective function Fs (Feasibility index) is not used, the arrangement
direction of the equipment did not satisfy the expert knowledge to reduce the
length of the pipes (F2) and increase the space availability (F4). In these cases, we
verified that the optimization problem with the feasibility index for expert

knowledge as the objective function works well.

B.3. Verification cases for the dynamic grid

Case C verified whether good results could be obtained with a low
computational cost when pipe routing is performed using the dynamic grid
proposed in Section 3.5. Cases C-1 and C-2 are examples of pipe routing that
connect the start point (0.0, 0.0, 0.0) and end point (1.5, 1.5, 1.5). The minimum
grid space in both cases was 0.1 m. Cases C-1 and C-2 set the maximum grid space
to 0.1 m and 0.5 m, respectively. The maximum grid space was limited to 0.5 m.

There was an obstacle with a length of 0.6 m, width of 0.4 m, and height of 1.5 m.

The results of the pipe routing are shown in Figure 80.
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P

Obstacle

o

End point: (1.5, 1.5, 1.5)

End point: (1.5, 1.5, 1.5)

Start point: (0.0, 0.0,0.0) (Case C-1 Start point: (0.0, 0.0, 0.0) Case C-2
Figure 80. Results of Cases C-1 and C-2 (1)
The results of pipe routing for Case C are shown in Table 46.
Table 46. Results of Cases C-1 and C-2 (2)
Total
length of Total Ave. Min. grid | Max. grid | Calculation
Cases ipe route number of | space space [m] | space [m] | time [ms]
?ff) ]| bends (£2) | factor (f3) P P
Case
C-1 4.5 2 0 0.1 0.1 409
Case
C-2 4.5 2 0 0.1 0.5 120

Cases C-1 and C-2 were verification cases in which only the maximum grid

space was calculated. In Case C-2, a dynamic grid was applied, and the grid space
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was set to vary from 0.1 m to 0.5 m. Although the same pipe routing result was
obtained, the calculation time was reduced by approximately 70.7% to 120 ms.
These verification cases established that the calculation time could be reduced

using the dynamic grid method proposed in this study.
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C. Expert knowledge for applications

In this section, we categorize and introduce the expert knowledge utilized in
the applications of this study. All expert knowledge is organized by the IF-THEN
rule and the form defined in Section 2.1. In Section C.1, a list of expert knowledge
on equipment arrangement is introduced. In Section C.2, a list of expert
knowledge on pipe routing is introduced. Each expert knowledge is categorized

into object information and relation information.

C.1. A list of expert knowledge for equipment

arrangement

A list of expert knowledge for equipment arrangement is shown in Table 47.

Table 47. A list of expert knowledge for equipment arrangement (Object

information)
Objec | Target Property . Target Knowledg Consideratio
. of target | Attribute e
tID object . value . n type
object expression
IF
Clearance
. distance
E001 fqulp men o (il;z;a;ce i)n.9_MIN_ =>2m Constraint
THEN
100
ELSE 0
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E002

All

All

Whether
exposed to
passages

False

IF
Whether
exposed to
passages =
false
THEN
100 ELSE
0

E003

Equipmen
t

Engine
Control
Room

Orientatio
n

0 EXT 0

IF
Orientatio
n=20
THEN
100
ELSE 0

E004

Equipmen
t

Purifier

Orientatio
n

0 EXT 0

IF
Orientatio
n=20
THEN
100
ELSE O

E005

Equipmen
t

Auxiliar
y Engine

Deck

1 EXT 0

IF Deck
=1
THEN
100
ELSE O

E006

Equipmen
t

Boiler

Deck

2 EXT 0

IF Deck
=2
THEN
100
ELSE O

In Table 32, E001 is the information that a clearance distance of at least 2
meters must be secured around the equipment for maintenance and installation of
the equipment. In particular, this information is essential, so we set the
Consideration type as a constraint to ensure that we always find a solution that
satisfies this knowledge. E002 is the information that no other equipment should

be installed at the point where the passage is installed (or planned). EO03 and E004
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are expert knowledge about the orientation of the equipment being installed, and
each equipment or space should be arranged in a certain direction. EO05 and E006
are expert knowledge about the deck on which the specific equipment is being
installed, and each equipment must be arranged on the designated deck. Table 48

shows the relation information related to equipment.

Table 48. A list of expert knowledge for equipment arrangement (Relation
information)

Prop

erty . Property | Knowl
Target | of Target Subjec

. . of edge
R Att t t ..
object | target ribute value 1ve subjectiv | express

objec object e object | ion

Obj
ect
D

Consider
ation

type

IF
Distanc
e from
all
equipm
ROO | Equip All Distance Traffic | All 5 MIN | entto
1 ment From m Traffic
< 5m
THEN
100
ELSE
0

IF
Distanc
e from
all
ROO | Equip Distance | Equip 400 MIN | equipm | Constrai
All All
2 ment From ment _mm ent to nt
all
equipm
ent >
400
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mm
THEN
100
ELSE
0

IF
Distanc
e from
all
equipm
Mal? 5 MIN ent t ° Constrai
Engin - — | Main

m . nt
e Engine

>5m

THEN
100
ELSE
0

ROO | Equip Distance | Equip
All
3 ment From ment

In Table 48, R001 is the information that each device and traffic must be at
least 5 meters apart. R0O02 is the information that all equipment must be at least
400 mm apart from each other. R003 is the information that all equipment and the
main engine must be at least 5 meters apart. Since R002 and R003 are essential
for the maintenance of the equipment, we set the Consideration type as a constraint

to always find a satisfactory solution.

C.2. Alist of expert knowledge on pipe routing

A list of expert knowledge on equipment arrangement is shown in Table 47.

Table 49. A list of expert knowledge for pipe routing (Object information)
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Objec
tID

Targe

objec

Propert
y of
target
object

Attribute

Target value

Knowledg
e
expression

Consideratio
n type

B001

Pipe

All

Minimum
straight
pipe
length

1 MIN m

IF
Minimum
straight
pipe
length >
I m

Then

100 Else
0

B002

Pipe

All

Bending
angle

90 MIN deg

IF
Bending
angle >
90 deg
Then

100 Else
0

B003

Node

All

Whether
exposed
to

passages

False

IF
Whether
exposed to
passages =
false

Then

100 Else 0

B004

Node

Expose
dto
passage

Node z
coordinat
e

150 MIN mm

IF

Node z
coordinate
> 150 mm
Then

100 Else
0

B005

Node

Expose
dto
passage

Node z
coordinat
e

300 MAX mm

IF

Node z
coordinate
<300 mm
Then

100 Else
0

B006

Duct

All

Height

4,500 MAX m
m

IF
Height of
all ducts <
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4,500 mm
Then

100 Else
0

IF

Height of
all ducts
2,100 MIN > 2,100
mm mm

Then

100 Else
0

B007 | Duct | All Height

In Table 49, B0O1 is the knowledge that the minimum straight length of a pipe
should be at least one meter for production convenience. B002 is also the
knowledge to limit the bend angle of a pipe for production convenience. B003 is
the knowledge to ensure that the pipe does not collide with the passage. B004 and
B005 are knowledge that if a pipe is going to pass through a passage, the node z
coordinate of the pipe should be limited. BO06 and BO07 are knowledge about the
installation location of the duct. Considering the installation of the support of the
duct, the duct should be arranged at the appropriate height. The following table

shows the relation information related to pipe routing.

Table 50. A list of expert knowledge for pipe routing (Relation information)

Obj Tar | Prope Subjec Property | Knowled Consider
get | rty of . Target | . of ge .
ect . Attribute tive .. ) ation
D obje | target value obicct subjective | expressio e
ct object ) object n P
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RO
04

Pip

All

Distance
From

Traffic

All

5 MIN m

IF
Distance
from all
pipes to
Traffic

< 5m
Then 100
Else 0

RO
05

Pip

All

Vertical
Distance
From

Platfor
m

All

2MIN m

IF
Vertical
distance
from all
pipes to
platform
< 2m
Then 100
Else O

RO
06

Pip

All

Distance
From

Equip
ment

All

400 MIN
mm

IF
Distance
from all
pipes to
all
equipme
nt >

400 mm
Then 100
Else 0

RO
07

Duc

All

Distance
From

Pipe

All

50 MIN

IF
Distance
from all
ducts to
all pipes
= 50
mm
Then 100
Else O

RO
08

Stru
ctur

All

Distance
From

Pipe

All

50 MIN

IF
Distance
from all
structure
s to all
pipes =
50 mm
Then 100
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Else 0

IF
Distance
from all
pipes to
RO | Pip All Distance | Equip | Main 800 MIN | Main Constrai
09 |e From ment engine | mm engine nt
> 800
mm
Then 100
Else 0

IF
Vertical
distance
RO | Pip Vertical | oot 150 MmN | rom all
pipes to 1

10 All Distance . D/B mm
© From ure - D/B =
150 mm

Then 100
Else O

IF
Horizont
al
distance
from all
Vertical ducts to

RO} Duc All Distance | Deck | Upper 3,300 M the upper 1
11 |t AX mm dock <

From

3,300
mm
Then
100
Else 0

In the table, R004 and R005 are expert knowledge about the location of piping
routed near structures such as traffic and platforms. R006 is expert knowledge

regarding the minimum distance between each equipment and pipe routing
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required for maintenance. R0O07 and R0OO8 are expert knowledge to ensure the
minimum distance required for the installation and welding of pipes. For the

calculation of the minimum distance, the method shown in Figure 81 was used.

ny(x,y,2) ns(x,y,2)
e _—
P1 = {nq,nz,n3, Ny, g} n3(%,7,2)

o%l%
b "R ny(x,y,2)
ny(x,y,2)

L(p1,p2) = L(ny, ny)

P2 = {ng, ny,ng, no} e B - -
ng(x,y,2) n;(x,y,z) ng(x,y,z) mne(xy2)

Figure 81. Calculation of the minimum distance between pipes/ducts

In Figure 81, The distance between pipes p1 and p> (L(p1, p2)) was determined
by the distance between the closest nodes between them #n; and n7. If the distance
between two points is not the minimum distance, AEM calculates the distance
between the points and a straight line and utilizes that. RO09 is an expert
knowledge to free up space for maintenance of the main engine. RO10 is the
distance of pipes from the bottom for safety. RO11 is the height limit for the
installation of pipes. The expert knowledge proposed in this study is a selection

of generally applicable expert knowledge, and it is necessary to collect and apply
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additional expert knowledge that apply differently to each pipe.
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D. Arrangement design analysis with the weight-

based optimization method

The equipment arrangement problem is a multi-objective optimization problem.
Since it is not practical to show all the optimization results for the five objective
functions, In this section, we will analyze the effect of each objective function on
the optimal solution using a weight-based optimization method. The results for

representative cases are presented as shown in Table 51.

Table 51. Cases for weight-based optimization

Economics Space Balance
Objective function (Case D-1) availability | (Case
(Case D-2) | D-3)
F Length of pipes and
(Min) | ducts 0.25 0 0.2
Economics r
3
(Min) Number of bends 0.25 0 0.2
F .
. Occupied volume 0 0.25 0.2
Space (Min)
availability | g, Space availability of
. 0 0.25 0.2
(Max) | equipment
Expert Fs o
system (Max) Feasibility index 0.5 0.5 0.2

To present representative cases, we have divided the objective functions into
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three categories. /2 and F3 are objective functions related to economics, F1 and Fi
are objective functions related to space availability. Finally, Fs is an objective

function related to expert systems.

D.1. Case D-1 results for the 1st stage

Case D-1 considers objective functions related to economics. The result of the

arrangement of the decks for Case D-1 is shown in Figure 82 and Table 52.

Manual design (Section view) Case 1 (Section view)

Figure 82. The result of the arrangement of decks for Case D-1

Table 52. Deck heights of Case D-1
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Economics
Manual design
(Case D-1)
Lower deck [m] 183.0 191.0
Ist deck [m] 119.0 114.0
2nd deck [m] 60.0 70.0

In Figure 83 and Table 53, the height of the lower deck and 2nd deck were

increased. The results of the equipment arrangement for Case D-1 are shown in

Figure 83 and Table 53.

<ISO view> <Plan view> <Section view>

Figure 83. The result of the arrangement of equipment for Case D-1

Table 53. Results of Case D-1

Manual | Optimal

Objective function Economics design design
(Case D-1)
results results
. F Length of pipes and o
Economics (Min) ducts 0.25 910 461 (-49.3%)
154
;’E\-T -.q.%,' t__
 —"



- 0

(Min) Number of bends 0.25 27 21 (-22.2%)

Fi . 33,833
Space (Min) Occupied volume 0 54,416 (-37.8%)
availability | f, Space availability of 0 7875 159

(Max) | equipment ’ (+101.9%)
Expert Fs oot 20,800
system (Max) Feasibility index 0.5 16,581 (+25.4%)

As a result of the optimal arrangement for Case D-1, all objective functions

were improved, especially objective functions related to economics. F> was

improved by 49.3% compared to manual design results, and F3 was improved by

22.2% compared to manual design results. F’s also improved by 25.4%.

D.2. Case D-2 results for the 1st stage

Case D-2 considers objective functions related to space availability. The result

of the arrangement of the decks for Case D-2 is shown in Figure 84 and Table 54.
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Manual design (Section view) Case 2 (Section view)

Figure 84. The result of the arrangement of decks for Case D-2

Table 54. Deck heights of Case D-2

. Space availability
Manual design (Case D-2)
Lower deck [m] 183.0 197.0
Ist deck [m] 119.0 119.0
2nd deck [m] 60.0 74.0

As a result of the arrangement of decks for Case D-2, the height of the lower
deck and Ist deck were decreased. The results of the equipment arrangement for

Case D-2 are shown in Figure 85 and Table 55.
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<ISO view>

<Plan view>

<Section view>

Figure 85. The result of the arrangement of equipment for Case D-2

Table 55. Results of Case D-2

. Manual | Optimal
L . Economics . .
Objective function design design
(Case 1)
results results
F Length of pipes and 4R <0
(Min) | ducts 0 910 468 (-48.5%)
Economics
F3 0
(Min) Number of bends 0 27 21 (-22.2%)
F . 30,023 (-
Space (Min) Occupied volume 0.25 54,416 44.8%)
availability | g, Space availability of | . 7875 177
(Max) | equipment ) ) (+124.7%)
Expert Fs e 20,900
system (Max) Feasibility index 0.5 16,581 (+26.0%)

In Table 55, as a result of the optimal arrangement, all objective functions were

improved, especially objective functions related to space availability. F; was

improved by 44.8% compared to manual design results, and F4 was improved by
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124.7% compared to manual design results. F’s also improved by 26.0%.

D.3. Case D-3 results for the 1st stage

Case D-3 is the case where all objective functions are considered in balance.
The result of the arrangement of the decks for Case D-3 is shown in Figure 86 and

Table 56.

Manual design (Section view) Case 3 (Section view)

Figure 86

. The result of the arrangement of decks for Case D-3

Table 56. Deck heights of Case D-3

Manual design ?gﬁg%g)
Lower deck [m] 183.0 174
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1st deck [m] 119.0 108
2nd deck [m] 60.0 61.0

As a result of the arrangement for Case D-3, the height of the lower deck and
Ist deck decreased. The results of the equipment arrangement for Case D-3 are

shown in Figure 87 and Table 57.

<ISO view> <Plan view> <Section view>

Figure 87. The result of the arrangement of equipment for Case D-3

Table 57. Results of Case D-3

Manual | Optimal
. . Balance . .
Objective function design design
(Case D-3)
results results
F Length of pipes and o
(Min) | ducts 0.2 910 468 (-48.5%)
Economics
F3 0
(Min) Number of bends 0.2 27 21 (-22.2%)
Space F Occupied volume 0.2 54,416 30,023 (-
159

TU



availability | (Min) 44.8%)

Fy Space availability of 177

(Max) | equipment 0.2 7875 (+124.7%)
Expert Fs e 20,900
system (Max) Feasibility index 0.2 16,581 (+26.0%)

As aresult of the arrangement for Case D-3, there were balanced improvements

to all objective functions. F> improved by 48.5%, and F3 improved by 22.2%

compared to manual design results. F1 improved by 44.8%, and Fs improved by

124.7%. F’s, an objective function related to expert systems, also improved by 26.0%

compared to manual design results.

D.4. Summary of Section D

Table 58 summarizes the results of the optimal arrangement performed for the

Ist stage.

Table 58. Summary of the 1st stage results

Objective function

Manual
design

Economics
(Case D-1)

Space
availability
(Case D-2)

Balance
(Case D-
3)
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Length of

F eeand | 910 461 468 450
. | (Min) gupc s [m] (-49.3%) | (-48.5%) | (-50.5%)
conomics
F; Number of 27 21 21 21
(Min) | bends (-222%) | (-:222%) | (-22.2%)
Fi S;lfl‘;f;ed saag | 33833 30,023 31,021
(Min) s ’ (-37.8%) | (-44.8%) | (-42.9%)
Space
availability Space
F4 availability | ;¢ oo | 159 177 173
(Max) | of ' (+101.9%) | (+124.7%) | (+119.7%)
equipment
Expert Fs Feasibility | | <o, | 20,800 20,900 20,800
system (Max) | index ’ (+25.4%) | (+26.0%) | (+25.4%)
Improvement rate (Average) 47.3% 53.2% 52.1%

In Case D-1, the objective function related to economics was improved. In Case

D-2, the objective functions related to space availability were improved the most,

and in particular, the space availability of equipment was improved the most. Also,

the feasibility index showed the best results among the cases. Finally, in Case D-

3, all objective functions were improved evenly. The optimization results for the

Ist stage showed that the objective function could be significantly improved in all

cases, and we were able to present an arrangement design that successfully applied

expert knowledge by applying an expert system.

161




Aol BiR] A= 7Aoo BiR|E Agu]et vl H,

r_l
fu

A A 2 A8 diolH, AZ7F AlA 59 0 f4asS 185

Pejolof atch. WAL BHA o] W Aure] wjx| A

o
Pl

o 2t Aot glolelet AEste] AA Aol wato] oFEstn
olth. ol2lst =% o), Autel wix MAE & Aute] Ao}
Resto] oFEste AAE AAN} Z2 oAtk 2 APolhe
Reobt cherst wial AAE Almstn, AEstE wjx A Aok

7 Qe Xl AA FHES AAStALA <tet ol Hsh 7]EY A9

[n s}
=
Ral
e

T

z
cE
ftjo

i
e

ol
o

Kl

N

A=7F AAE AASE 4 s A=t

AMLRS sk, olE AANSE IYat AAlRE HiR] EAl ¥¥E

162



AerbEe) ABst AAS PAHL o2 AAMCoZ FAete

Qs wix] Bl=3l 2™ (Arrangement Template Model)S L/dsf At=

TA2E ndASon, vix] HrF 2™ (Arrangement Evaluation Model)S

Fol MBI NS WL WA Wb wdEe §9) wokE ujw

etoH Autt wjm 2hew A} A9 2

g4z 28

it

%

c}. u

r_l

o8 B gH] Hix] ol theh o= tierE A2 AIRE Woll FEstl

Aot 4A ke mashr] sl AAst Y

© AFolM s 718 dist A8 Eix] dAES

dAsl, 2 BAR oA chA AAs WL A

163

e AL A

AAstAL o] & o] &t Al Ast =AIS FAgtstltt

, Adete] wiE wiR] A 2E Al HiRlo] wEgshr] fsh,



"
2

|

A
_l"

A

st
a

of 7gHl HiAl TANA vjE BiA]E

gt
=

Al

SEREIRRSE

]_

o
R

, BiA] A o

‘I_

(<)
L

At ®

o

| g2 At

R

td| bj

A
o

o
w0

o

of 3o}
ks

=

(o]
=

7 7}
2] ER

pujo]

A
o

270z

oF

At A

o8
110

<k
mu
K

| Y

.

Zlohet,
29l JPS

5 et

)

Ao A]

o
A 2 e

R

=

QX
o
=

A
SR

2
71 9

[9)

=

c}. o}
8
| 7bs

R

=2

s, g2 7}
=

A A BRA]
A

1

w2l

=

L .

|

L

AN A
A274o=
164

2

o
%

47
o, 2 7o) ofAolA o e Aut

HE7te A

Elik

‘I_

(<)
L

71849
SERIRRE
siAlol of



=

=

Z1gbe] el 3 wjY A o)

‘I_

d
=

A
il

rat Al

LIS

(0]

7] WA A 9
Aet F 320000 & O AG U (VLCO)Q] 718410 & HjA

(Jump Point Search) ¥12]5S &85

AFolA Al

2

— Y 70 A
R S e
3 0% =T ° o®
,_..__MU O__._._ —_
oju i ~ a
T B
oo X n
g P
o oy "X B
= B 0T
o w30 ol
R e h
- g B
B K ol m 00
E J)
BT W W
1_|_._u| _ ,.mv_.O S ,_.,_Al_l
=) %: o wqo )
ol LH " i
ofu 0 v <k
m_|_._ K X K L
—_ a = = oD
jan] o
% o K v
) Too= H ol
fau} —_—
N -
T = R
Qn_ 1o _u._ "
s K b o
=) = 3
ok @ Iy
s L
B o R RO

7184 BiR], A& 8], v uiR], Aot AlAE, FAeE 71,
165

upEg AokshuAl gk

Keywords:



sHH: 2016-29166

166



	Abstract
	Introduction
	1.1. Research Background
	1.2. Related Works
	1.3. Configuration of the Study

	2. Theoretical Background
	2.1. Expert System for Ship's Engine Room Arrangement
	2.1.1. Arrangement template model for the arrangement
	2.1.2. Arrangement evaluation model for the arrangement

	2.2. Equipment Arrangement for Ship's Engine Roo
	2.2.1. Input information
	2.2.2. Design variables
	2.2.3. Objective functions
	2.2.4. Constraints
	2.2.5. Optimization method

	2.3. Pipe Routing for Ship's Engine Room
	2.3.1. Input information
	2.3.2. Design variables
	2.3.3. Objective functions
	2.3.4. Constraints
	2.3.5. Route generation method
	2.3.6. Grid configuration for pipe routing


	3. Verificatio
	3.1. Sensitivity Analysis for the 1st stage
	3.2. Analysis of objective functions in the 1st stage
	3.3. Equipment arrangement using pipe routing

	4. Applications
	4.1. Overview of SyDLab Equipment/Pipe Arrangement Program
	4.2. Equipment Arrangement in Engine Room for 320K VLCC (1st stage 
	4.2.1. Input information
	4.2.2. Case 1 results for the 1st stage
	4.2.3. Case 2 results for the 1st stage
	4.2.4. Case 3 results for the 1st stage
	4.2.5. Summary of the 1st stage results

	4.3. Pipe Routing Design in Engine Room for 320K VLCC  (2nd stage) 
	4.3.1. Case 1 results for the 2nd stage
	4.3.2. Case 2 results for the 2nd stage
	4.3.3. Case 3 results for the 2nd stage
	4.3.4. Summary of the 2nd stage results


	5. Conclusions and future works
	5.1. Summary
	5.2. Contributions (Originality)
	5.2.1. Theoretical contributions
	5.2.2. Contributions for application
	5.2.3. Other contributions

	5.3. Future works

	Referenc
	APPENDICES
	A. Pressure drop of pipes
	B. Additional verification
	B.1. Verification cases for the space factor
	B.2. Verification cases for the expert system
	B.3. Verification cases for the dynamic grid
	C. Expert knowledge for applications
	C.1. A list of expert knowledge for equipment arrangement 
	C.2. A list of expert knowledge on pipe routing
	D. Arrangement design analysis with the weight-based optimization method
	D.1. Case D-1 results for the 1st stage
	D.2. Case D-2 results for the 1st stage
	D.3. Case D-3 results for the 1st stage
	D.4. Summary of Section D

	국문 초록


<startpage>17
Abstract i
Introduction 1
 1.1. Research Background 1
 1.2. Related Works 5
 1.3. Configuration of the Study 9
2. Theoretical Background 12
 2.1. Expert System for Ship's Engine Room Arrangement 13
  2.1.1. Arrangement template model for the arrangement 13
  2.1.2. Arrangement evaluation model for the arrangement 16
 2.2. Equipment Arrangement for Ship's Engine Roo 23
  2.2.1. Input information 23
  2.2.2. Design variables 23
  2.2.3. Objective functions 25
  2.2.4. Constraints 33
  2.2.5. Optimization method 37
 2.3. Pipe Routing for Ship's Engine Room 44
  2.3.1. Input information 44
  2.3.2. Design variables 45
  2.3.3. Objective functions 46
  2.3.4. Constraints 51
  2.3.5. Route generation method 55
  2.3.6. Grid configuration for pipe routing 61
3. Verificatio 71
 3.1. Sensitivity Analysis for the 1st stage 72
 3.2. Analysis of objective functions in the 1st stage 75
 3.3. Equipment arrangement using pipe routing 86
4. Applications 89
 4.1. Overview of SyDLab Equipment/Pipe Arrangement Program 89
 4.2. Equipment Arrangement in Engine Room for 320K VLCC (1st stage  95
  4.2.1. Input information 95
  4.2.2. Case 1 results for the 1st stage 103
  4.2.3. Case 2 results for the 1st stage 105
  4.2.4. Case 3 results for the 1st stage 108
  4.2.5. Summary of the 1st stage results 110
 4.3. Pipe Routing Design in Engine Room for 320K VLCC  (2nd stage)  112
  4.3.1. Case 1 results for the 2nd stage 115
  4.3.2. Case 2 results for the 2nd stage 117
  4.3.3. Case 3 results for the 2nd stage 118
  4.3.4. Summary of the 2nd stage results 120
5. Conclusions and future works 122
 5.1. Summary 122
 5.2. Contributions (Originality) 124
  5.2.1. Theoretical contributions 124
  5.2.2. Contributions for application 125
  5.2.3. Other contributions 125
 5.3. Future works 126
Referenc 128
APPENDICES 131
 A. Pressure drop of pipes 131
 B. Additional verification 134
 B.1. Verification cases for the space factor 135
 B.2. Verification cases for the expert system 136
 B.3. Verification cases for the dynamic grid 141
 C. Expert knowledge for applications 144
 C.1. A list of expert knowledge for equipment arrangement  144
 C.2. A list of expert knowledge on pipe routing 147
 D. Arrangement design analysis with the weight-based optimization method 154
 D.1. Case D-1 results for the 1st stage 155
 D.2. Case D-2 results for the 1st stage 157
 D.3. Case D-3 results for the 1st stage 160
 D.4. Summary of Section D 162
국문 초록 162
</body>

