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ARTICLE INFO ABSTRACT
Keywords: One of the crucial factors of shipbuilding in terms of production efficiency is the
Shipyard arrangement of workstations. Since shipyard design involves the layout of many

workstations, an initial setup is helpful for the shipyard designer. This paper proposes
) a new methodology for determining the relative locations of shipyard workstations.
Fuzzy logic The novelties of this study are the use of the Simulated Annealing (SA) approach for
Optimisation determining shipyard workstation’s relative locations, the use of fuzzy logic and
metaheuristic optimisation together in the shipyard facility layout planning (FLP)
domain, and the incorporation of safety concept into the shipyard FLP. The procedure
for determining proximity rating involves both qualitative (activity) and quantitative
(flow and risk) factors and employs fuzzy logic. The problem of determining the
relative locations of workstations is treated as an optimisation problem. The proposed
methodology successfully generated three distinct shipyard layouts. These include U,
L, and I-shaped arrangements for profiled panel production, as well as an almost star-
shaped branched arrangement for sub-block production. Results show that this
approach offers beneficial alternative starting layouts for a shipyard designer.

Preliminary facility layout

1. Introduction

Shipbuilding includes the construction of large and complex structures. These structures are generally
custom-ordered and produced to the customer's specifications [1]. After a lengthy construction period, a high-
priced and tailored product must be accomplished until the agreed-upon deadline [2]. Since gaining an edge
over shipyards is crucial in today's competitive shipbuilding market [3] such a complicated production
environment requires a good facility layout. It involves choosing the optimal arrangement of physical facilities
to enhance resource utilization in manufacturing processes. The layout of the facility affects numerous facets
of the company's success [4]. It is essential for achieving efficient production flow, minimizing overall
manufacturing costs, and maximizing output while minimizing effort on the production floor [5, 6].
Bottlenecks, blockage, and inefficient space usage can be brought on by inefficient layouts, which can then
result in work pileups and idle or overloaded workstations. It can also lead to workplace problems, make
operations and people management more challenging, and lead to anxious and uncomfortable employees [7].
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The construction of a convenient shipyard is the very first milestone in shipbuilding industry. The design
of a shipyard layout is the first step in the construction of a shipyard [8]. Most shipyard layouts are based on
professional experiences [2]. Since many factors affect the distribution of workstations, it is a multi-faceted
problem. Flow, activity, and risk factors are considered in this study. Detailed explanations on these factors
are given in the methodology section.

The research questions guiding this study are as follows:

1. How can proximity ratings of workstations be determined using a combination of qualitative and
quantitative factors, and how can fuzzy logic be employed to assess these ratings?

2. How can the shipyard FLP be formulated as an optimisation problem considering the determined
proximity ratings of workstations?

3. How does incorporating safety considerations into the layout design impact the shipyard facility

layout?

In line with the research questions, this study contributes to the existing literature by proposing a novel
framework that incorporates both proximity ratings and relative workstation positions, while integrating safety
considerations into the shipyard layout design. The primary aim of this study is not to develop a final facility
layout but rather to determine the relative locations of workstations as a starting point for a shipyard designer.

This paper investigates the shipyard facility layout problem, offering a comprehensive overview of the
proposed framework and its application using real shipyard data. The following section reviews the literature,
encompassing current methods and studies related to facility layout design in shipbuilding field. Furthermore,
the motivation and the novel contributions of this study are stated within the same section. The subsequent
section introduces the methodology and outlines the steps involved in determining the proximity ratings and
formulating the optimization model. After that, validation of the proposed model, discussion of the results,
and sensitivity analysis are given. Finally, the conclusions section summarizes the key findings and concludes
the study by offering insights into potential areas for further research.

2. Literature review

Facility layout problem is a topic that has been extensively researched in the literature. There are many
different industrial areas such as metal-mechanical sector [9], HVAC (Heating, Ventilation, and Air
Conditioning) field [10], construction [11], manufacturing industry [12]. However, there is a limited amount
of research available on the facility layout problem of shipyards. Table 1 gives the list of the studies on the
shipyard FLP.

Table 1 Overview of shipyard FLP studies

Reference |Year Methodology Shszz%rgpl;‘zzut
[2] 2009 |Systematic layout planning, system engineering and simulation Basic
[13] 2009 |Systematic layout planning, analytical hierarchy process Preliminary
[14] 2013 |A commercial software specific heuristic algorithm Preliminary
[15] 2017 |Genetic algorithm and stochastic growth algorithm Basic
[16] 2020 |Fuzzy similarity index and fuzzy goal programming Basic
[17] 2021 |Genetic algorithm Preliminary
[18] 2022 |Systematic layout planning and graph-theoretical approach Basic
[19] 2023 |Genetic algorithm, stochastic growth algorithm, ELECTRE, local search Basic

In Table 1, the phase of each study is categorized either based on the authors' descriptions within their
article or using the definitions provided by [14]. The studies cover both the preliminary and basic phases of
shipyard FLP, with methodologies ranging from systematic layout planning to advanced algorithms like
genetic algorithms and fuzzy goal programming. While some studies, such as [13], [14], and [17], focus on
the preliminary design phase, others -including [2], [15], [18], [19], and [16]- address the basic design phase.
This suggests that studies have primarily concentrated on foundational layout structures rather than detailed
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design. However, the detailed design phase, which demands an in-depth consideration of each facility of the
whole shipyard, remains a challenge to fully encapsulate in a single study due to the complexity and scope of
shipyard FLP. Addressing this phase requires a highly tailored approach for each facility, making it difficult
to cover the intricacies of detailed design comprehensively within one single paper.

Looking at the current studies the examination of topology and geometry optimization has primarily
been conducted in the works of [15], [17], and [19]. These studies have focused on optimizing both the spatial
arrangement and the physical dimensions of shipyard facilities. The literature highlights several important
factors that influence shipyard layout design. Singh and Ingole [20] mentioned that the material handling cost
is one of the primary determinants of the ideal layout in every manufacturing field. It can be stated that material
handling costs are closely related to material flow. When designing a shipyard's layout, according to [14] flow,
relation, and cost should all be considered. Shin et al. [2] takes into account flow, activity and space. Matulja
et al. [13] establish a methodology based on the flow of material, activity, and space. Choi et al. [15] examine
flow, shape of the workstation, space, adjacency, and alignment. Tiirk et al. [17] focus on flow, geometry,
adjacency, and alignment. Tamer et al. [18] address activity relationships, flow, geometry, and adjacency.
Junior et al. [19] also emphasize flow, geometry, adjacency, and alignment. Dixit et al. [16] consider flow and
activity relationships. Kudelska et al. [4] utilize data on flow and connections between workstations, indicating
that these connections are relevant to production process technologies. Consequently, it can be deduced that
this aspect also pertains to activity.

The layout of a shipyard is influenced by both qualitative and quantitative factors, as highlighted above.
When designing a shipyard layout, various factors -including material flow, activity relationships, geometry,
adjacency, alignment, and connections between workstations- play a crucial role. It can be considered that
adjacency and alignment are constraints related to activity. Since the primary objective of this study is to
determine the relative positioning of workstations within a two-dimensional space, geometric considerations
are excluded from the scope of this investigation. The inclusion of safety as a factor in the shipyard FLP is a
distinctive contribution of this study. Shipbuilding involves various activities and working conditions that
present significant risks, including working at heights, moving heavy objects, and the potential for fire and
explosions [21]. These hazards can lead to serious work accidents, resulting in injuries and fatalities.
Additionally, most of the damage results in a loss of work in the shipyard [22]. Therefore, research shows that
such accidents not only pose risks to worker safety but also disrupt production processes, leading to reduced
productivity and increased operational costs. By including safety as a risk factor in shipyard facility layout
design, this study will provide a safer working environment for employees by enabling more informed
decisions about workstation layout and the overall design of the shipyard. This integration is also important
in preventing accidents and reducing risks, thereby improving employee well-being and promoting a safety
culture within the organization.

This study proposes a methodology that incorporates the analytic hierarchy process (AHP), fuzzy logic,
and the simulated annealing (SA) algorithm. AHP possesses the ability to handle the hierarchical structure of
criteria, allowing for systematic evaluation of both qualitative and quantitative factors in facility layout. This
method has been widely used in similar fields and provides a robust framework for decision-making,
especially when subjective judgments are required. The SA algorithm is commonly used due to its
effectiveness in solving complex optimization problems, particularly in the field of FLP. As noted in [23],
when the number of workstations increases, meta-heuristic algorithms such as SA are essential for finding
approximate solutions. SA is one of the most frequently used algorithms in FLP literature [15, 19]. However,
despite its widespread application in other domains, there is no study that specifically utilizes SA for shipyard
FLP. Thus, this study aims to apply SA to the shipbuilding industry, evaluating its ability to deliver near-
optimal solutions in this context. The algorithm’s strength lies in its capacity to escape local optima, which is
especially important in complex layout problems like shipyard FLP. Fuzzy set theory is commonly used to
address the inherent uncertainty in several fields such as robot selection [24], logistics [25], social media [26],
offshore wind industry [27] as well as in shipyard layout planning. As mentioned in [16], it is a methodology
that helps uncover and leverage the tacit knowledge of shipbuilding expertise, which is critical in this field.
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Since layout design often involves imprecise data and qualitative criteria that are difficult to quantify, fuzzy
logic becomes a natural choice for managing these uncertainties effectively.

This study is motivated by the limited number of proposed algorithms specifically targeting the shipyard
FLP. The SA algorithm has been widely used in FLP problems across other industries. However, despite its
success in other fields, SA has not been applied specifically to the shipyard FLP. To fill this gap, the current
study leverages SA to determine the relative locations of workstations in a two-dimensional space, overcoming
the challenges posed by the large number of workstations and the complexity of shipyard operations. The
combination of fuzzy logic with metaheuristic optimization provides an efficient decision-making framework
that successfully integrates shipbuilding experts' subjective insights with the computational efficiency of
metaheuristic optimization. Most previous research has concentrated on material flow and activity
relationships, ignoring the inherent risks in the shipyard environment. This study incorporates safety
considerations in a quantitative way into the shipyard FLP field, which is an important but underrepresented
factor in previous shipyard FLP literature. In this context, this study has three novelties that enhance the
understanding and application of shipyard FLP:

— The utilization of the SA algorithm to find near-optimal shipyard facilities arrangement,

— The use of fuzzy logic and metaheuristic optimisation together in the shipyard FLP domain,

— The inclusion of safety concept as a quantitative risk factor into the shipyard FLP.

3. Shipyard preliminary layout generation methodology

Shipyard FLP plays a crucial role in enhancing production efficiency, reducing costs, and ensuring
safety. Despite its importance, it remains a challenging problem due to the variety of factors that must be
considered. Given the limited number of proposed algorithms specifically for the shipbuilding industry, there
is still significant potential for improvement. While many existing studies focus on factors associated with
material flow and activity relationships, considering safety as a quantitative risk factor is uncommon. This
research addresses that gap by integrating safety considerations into the layout planning process.

Although fuzzy logic and metaheuristic optimization are frequently used in facility layout problems in
other industries, their combined application in shipyard layout planning is relatively rare. This study
introduces a new model aimed at simplifying the preliminary design phase of shipyards by determining the
relative positions of workstations. The model consists of three main stages as shown in Figure 1. Table 2
provides concise explanations of the steps involved in the proposed model for shipyard preliminary FLP. In
this study, the proposed model was applied using real-world data from a shipyard found in the literature. The
case study involves sixteen workstations, listed in Table 3.

=|E @

EH=E
Data acquusition # Proximity rating # Layout
and processing calculation optimization

* Identify factors (linguistic
variables) affecting
shipyard layout.

* Define linguistic values for
each linguistic variables.

* Determine fuzzy numbers
for linguistic values.

* Define cotresponding
linguistic valie-proximity
rating matching.

* Calculate factors’™ weights.
* Calculate fuzzy ratings.
* Calculate crisp ratings.

1

* Derive hypothetical

utopian distances (HUD;).

* Optimize the layout of the

stations.

Fig. 1 Overview of the stages and steps involved in the proposed model
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Table 2 Summary of steps in the proposed model for shipyard preliminary FLP

Stages Steps Explanation
1.1. Identification of factors The factors |anL_|enC|_ng_ the I_ayout of a shipyard are described. These
factors are also linguistic variables.
1.2. Definition of linguistic S . . . . e e
1. Data_ values Each linguistic variable is associated with specific linguistic values.
acquisition and — — - -
processing 1.3. Determination of fuzzy After the linguistic variables and related values have been designated,
numbers fuzzy numbers for each linguistic value are specified.
1.4. Matching of linguistic values | To connect linguistic values with proximity ratings, a "linguistic value-
and proximity ratings proximity rating" correspondence is established.
2.1 Calculation of factors' The weights of the factors are determined using the AHP via pairwise
weights comparison matrix.
2. Proximity . . . -
rating 2.2, Calculation of fuzzy ratings Tq _address the inherent ur_mertalnty in shipyard FLP, fuzzy ratings are
: utilized through fuzzy logic.
calculation
2.3. Calculation of crisp ratings The fuzzy ratings are defuzzified to transform fuzzy scores into crisp
numbers.
3.1. Derivation of hypothetical The hypothetical utopian distances between interrelated workstations
3. Layout utopian distances are generated based on crisp ratings.
optimization S The relative positions of workstations are established for the
3.2. Optimization of the layout - . .
preliminary layout design of the shipyard.

Table 3 List of workstations (WS) with corresponding codes used in the model

WS Code |WS Name WS Code |WS Name

Stl Edge cutting St9 Grinding

St2 Edge cleaning and sequencing St10 Profile piece part preparation

St3 Panel production St11 Profile bending

St Panel cutting St12 Plate piece part preparation

St5 Stiffener mounting St13 Minor and sub assembly fabrication
St6 Stiffener welding St14 Jig

St7 Web mounting St15 Plate bending (Press)

St8 Web welding St16 Unit assembly

3.1 Data acquisition and processing

In this stage, necessary data is collected and processed. First, the factors influencing the shipyard layout
are identified, followed by defining appropriate linguistic variables and their values (i.e., term sets).

3.1.1 Stage 1 Step 1: Identify factors affecting shipyard layout

A shipyard layout should have an attribute that accomplish the shipyard's goal at the lowest possible
expense and with the highest possible efficiency and quality [16]. The design of a shipyard is shaped by
various qualitative and quantitative factors, as emphasized in the existing literature. Following the discussions
in the literature review section, the key factors influencing the shipyard layout have been identified as flow,
activity, and risk. Flow and activity data were sourced from [28], where flow indicates the number of
conveyances rather than piece quantity. Risk data were obtained from [22], using risk priority numbers (RPNSs)
based on workstation failures to calculate risk values. One method for determining the risk factor for a
relationship is to sum the RPNs of each workstation [29]. Data for risk, flow, and activity factors are shown
in Table 4.
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Table 4 Risk, flow, and activity data for relationships between shipyard workstations [22, 28, 29]

Relation |Risk|Flow | Activity | Relation |Risk|Flow | Activity | Relation |Risk | Flow | Activity
St1-St2 146 | 427 A St7-st12 | 520 | 37 | St12-St13 | 961 | 623 A
St2-St3 204 | 427 A St7-St13 | 979 | 890 E St12-St14 | 834 | 51 )
St3-St4 247 | 83 A St8-St9 106 | 80 A St12-St15 | 338 | 9 )
St4-St5 226 | 83 A St9-St16 | 521 | 87 E St12-St16 | 730 | 120 )
St5-St6 140 | 83 A St10-St11 | 258 | 122 E St13-St14 |1293| 192 )
St5-St10 | 338 | 136 | St10-St13 | 920 | 131 0] St14-st15 | 670 | 65 I
St6-St7 281 | 76 A St10-Stl6 | 689 | 5 0] St14-St16 |1062| 26 I
St7-St8 333 | 80 A St11-St14 | 631 | 61 0] St15-St16 | 566 | 24 )

3.1.2 Stage 1 Step 2: Define linguistic values for each linguistic variable

The factors described in the first step are also linguistic variables, and each must have assigned linguistic
values. Flow and Risk share the same values: VH (very high), H (high), M (medium), L (low), and VL (very
low). For the activity factor, linguistic values from [28] are applied: A (absolute closeness) means two
workstations must be close, while E, I, O, U, and X represent varying levels of importance, from "especially
important™ to "undesirable” closeness.

3.1.3 Stage 1 Step 3: Determine fuzzy numbers for linguistic values variable

This step aims defining membership functions of corresponding linguistic values by considering crisp
values. The membership function of each linguistic value should be specified to represent the characteristic
of factor. As a result, the fuzzy numbers for each linguistic variable are defined as shown in Figure 2.

VL VLL M H VH
1+ 1 1 L 4
. . 0951 “\‘
Sos 208 Sog || y
Z §0.73< ----- 'E ‘ \ i
g g / 4
£0.6 £o6| \/ £06 1|
g £ A Sl 3
0.4t 04| / Al e 1
g Boord | [ 2 11l
0.2 S 02t/ 202 (/|
[ [ | | /
/ / / | /
/ ol 0
. 146 _ 427
0 1 2 3 4 5 0 200 400 600 800 1000 1200 0 200 400 600 800
Activity Risk Flow

Fig. 2 Fuzzy numbers and their associated membership functions utilized in the data acquisition and processing stage

3.1.4 Stage 1 Step 4: Define corresponding linguistic value-proximity rating matching

The activity factor uses linguistic terms as proximity ratings, but flow and risk do not directly relate to
proximity ratings. To address this, their linguistic terms are converted into proximity ratings, as shown in
Table 5. For flow, "Very Low" doesn't imply an undesirable relationship, so the matching starts from
"Unimportant (U)." For risk, "Very High" indicates an undesirable relationship, so the matching starts from
"Undesirable (X)."

Table 5 Mapping of linguistic values to proximity ratings for flow and risk factors

Fow VH H M L VL
A E I 0 U

. VL L M H VH
Risk E I o) U X

Let say, MFJ.’(f") and A?E(]f Y stand for fuzzy sets (i.e., membership functions) that the current risk and
) i L . == (Ri)
flow Dbelong to, respectively. Then, the equivalent fuzzy sets (linguistic values) which are, MFE;,
and MFEJ.(;” are calculated as follows:
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if MES” = VL then MFE,\" = E
- TR _ TEERD

if MF;,” = Lthen MFE;,"” =1
PP TEEED (1)
if MF;:” = VH then MFE; ;" = A

¢ D _ TEEED _

if MF;;” = Hthen MFE; ;" = E

where j is the index of the relationship and j = 1,2, ...,J. r and f are the intersection indices of the current
risk and flow value; Ri and FI symbolize risk and flow, respectively. Intersection index represents the number
of fuzzy sets that the current risk or flow value intersects. As shown in Figure 2, flow value 427 intersects
both the H and VH fuzzy sets. As a result, where f can have a value of 1 and 2.

3.2 Proximity rating calculation

In this stage, first, weights of the factors are computed by using AHP developed by Saaty [30]. After
that, fuzzy proximity ratings are computed. Then, defuzzification is applied.

3.2.1 Stage 2 Step 1: Calculate factors’ weights values

In order the calculate weights, a survey is carried out. Table 6 presents the survey results. Experts’
opinions can be aggregated by geometric mean method [31]. It is assumed that all experts have equal
importance, so Eq. (2) is used for synthesizing the experts’ judgements:

1/K

= ([ ]_an) ®

where ak,, is the k" expert’s judgement; K is the total number of experts; n and m are the factor indices.
Other summary details of the AHP can be found in [32]. The factor weights are calculated as w9 = 0.77,
wFD = 0.15, w9 = 0.08 by using AHP arithmetic [29].

Table 6 Expert evaluations of factor significance used to calculate the weights of risk, flow, and activity factors

Flow over Risk Flow over Activity Risk over Activity
Expert 1 1/9 1 6
Expert 2 1/9 1 9
Expert 3 1/5 3 6
Expert 4 1/5 3 7
Expert 5 17 3 9
Expert 6 17 3 9

3.2.2 Stage 2 Step 2: Calculate fuzzy ratings
To calculate fuzzy proximity ratings Eq. (3) is used:

R F
Ly i —=(Ri _(Ri T (FL _(Fl
TR; = Wml)@(Z MFE;;" ®‘uj(',rl)) o we Z MFE;" ® i’
3)

T
A
® W<Ac>®<2mfic)®ﬁ§f)) =12

a=1
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Eq. (3) multiplies the membership degree by the equivalent membership function. In Eq. (3), TR; is the
total fuzzy rating for j* relationship; J is the total number of relationships; w®9, wFb and ,w“<) are the
crisp weights of the risk, flow and activity factors, respectively; MFEj(,f‘) and MFE].(;I) are the equivalent

fuzzy sets for risk and flow, respectively which are determined in the Stage 1, Step 4. 1\7173.’(;“) stand for fuzzy
sets that the current activity value belongs to; r=1,2,...,R , f=1,2,... F and a=1,2,...,A are the
membership function intersection index; R, F and A are the number of fuzzy sets that the current risk, flow
and activity value intersects; uJ(RT) , quf” and u(AC) are the normalized membership degrees of the current risk,
flow and activity values, respectively.

The risk and flow factors have asymmetric fuzzy sets, as illustrated in Figure 2. If the sum of the
membership degrees is not equal to 1, the membership degrees should be normalized. Eqg. (4) is employed in
the normalizing process, where x stands for r or f, and X stands for R or F:

H(y)
av) = — s =12, ¥y € (R FI} (4)
i= 1:“11
For example, the fuzzy rating for the first relation (j = 1), which is between St1 and St2, is calculated

as follows. First of all MES", MFE(RY, ME!Y, MFESY, MESD, g, gD, g%, R, F and 4 are

1r 1,r 1,f Lf
determined. Table 4 displays the risk value for tthS connec]tclon to be 146, the flow value to be 427, and the
activity value to be A. Depending on risk value: R=2; gy’ = 0.27; @\%’ = 0.73; MEL" = VL; MES” = L;
MFE"Y = E; MFE®? =1 (see Table 1 and Figure 2). Depending on flow value: F=2; p = 0.95;
wD =037 MFl('fl) = H; MESY = VH; MFEY = E; MFE(” = A (see Table 1 and Figure 2). As can be
observed, the total of the membership degrees depending on flow value is not equal to 1. Consequently, they
ought to be normalized using Eq. (4) as follows:

(FD) (FD)

—(Fl U —(Fl U
AP = P =072, 40, = 222 = 0.28 (5)

i=1M1,i =11,
Activity value is used directly as shown in Table 4. Following all these computations, the first
relationship's fuzzy rating (TR, ) is calculated as:

TR, = | wR® (Z MFE(RL) -ﬁi)) & whe Z MFE(FI) Q i —(Fl)

w Ao ® (Z M F (Ac) ﬁiAac)>

oo (I 0 )0 G 052
® 0.088(ITF1° ® i)

=0.77®((E ® 0.27) ® (I ® 0.73))
@ 0.150((E ® 0.72) @ (A ® 0.28)) @ 0.08®(A ® 1)

=0.77® (((3,4,5) ®0.27)® ((234) ® 0.73))
®0.150 (34,5 ® 0.72) ® ((4,5,5) ® 0.28))
@ 0.08®((4,5,5) ® 1) = (2.56,3.56,4.44)

The values for each fuzzy rating are displayed in Table 7.
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Table 7 Fuzzy and crisp ratings of workstation pairs

Relation Fuzzy rating ?artli;% Relation Fuzzy rating ?artli;pg Relation  Fuzzy rating Sartlisn%

Stl1-St2  (2.56,3.56,4.44) 352  St7-St12 (0.27,1.16,2.16) 1.20  St12-St13 (0.85,1.47,2.31) 1.54
St2-St3  (2.32,3.32,4.20) 3.28  St7-St13 (0.84,1.44229) 152  St12-Stl4 (0.23,0.97,1.97) 1.05
St3-St4  (1.75,2.75,3.67) 2.72  St8-St9 (2.46,3.46,4.38) 3.44  St12-St15 (0.80,1.80,2.80) 1.80
St4-St5 (1.91,2.91,3.83) 2.88  St9-St16 (0.50,1.39,2.39) 143  St12-Stl6 (0.40,1.20,2.20) 1.26
St5-St6  (2.34,3.34,4.26) 3.31  St10-St11 (1.65,2.65,3.65) 2.65  St13-St14 (0.55,0.79,1.77) 1.04
St5-St10 (1.20,2.20,3.20) 2.20  St10-St13  (0.41,1.07,2.07) 1.18  St14-St15 (0.36,1.17,2.17) 1.23
St6-St7  (1.46,2.46,3.38) 244  St10-Stl6 (0.10,0.91,1.91) 0.97  St14-St16 (0.24,0.76,1.76)  0.92
St7-St8  (1.26,2.26,3.18) 2.24  St11-St14 (0.26,1.09,2.09) 1.15  St15-St16 (0.15,1.01,2.01) 1.06

3.2.3 Stage 2 Step 3: Calculate crisp ratings

To convert fuzzy scores to crisp values, the centroid method is used:
TR;; +TR;,, + TR;
TR =2 Jm (7)
3
where, TR; is the crisp rating of the jE" relation; TR;,, TR;,, and TR;, are the lower, middle and upper
values of the triangular fuzzy rating, respectively. The calculation for the first relationship is shown in Eq. 8
with all crisp values listed in Table 6:
TRyy + TRym + TRy,  2.56 +3.56 + 4.44

TR, = = = 3.52 8
L ; : 3.5 (8)

3.3 Layout optimization
The relative positions of the workstations are determined through the use of the SA algorithm.

3.3.1 Stage 3 Step 1: Derive hypothetical utopian distances

To carry out optimization procedure the crisp ratings are used. The higher the score, the closer the
stations should be. Hypothetical utopian distance (HUD;) refers to a theoretical measure representing the ideal
distance between two workstations in shipyard. To derive HUD;, the crisp rating scores are first normalized
using the linear normalization method (Eq. 9). Where TR; is the normalized rating score of the jt" relation;

TR™% is the highest crisp rating score across all relationships. The first two relationships are given below as
an illustration of how normalized ratings were determined:

_ TR; _
TR; = e )= 1,2,..,] o
i o TR, _3.52_1 — TR, _3.28_0932

1= TRpmax ~ 352 27 TRmax 352

Table 8 provides all the normalized ratings. To establish a logical link between workstations distances,
the normalized rating scores are inverted, and HUD; are calculated (Eq. 10). A lower HUD; value indicates
that the stations should be closer together. For the first two relationships HUD; are computed as shown below:

1
HUD]- ==
TR, (10)
1 1 1 1
[—]UD1 =T:R1=I= LHUDZ =T:R2=m= 1.073
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Table 8 Normalized crisp ratings and HUD;s

Relation Elr?ggn?;'tzlﬁg HUD; | Relation ’;‘r?;nf;jﬁg HUD; | Relation ,c\lr?ggnﬁallltﬁg HUD;
St1-St2 1.000 1.000 | St7-St12 0.340 2.940 | St12-St13 0.438 2.281
St2-St3 0.932 1.073 | St7-St13 0.433 2.311 | St12-St14 0.300 3.337
St3-St4 0.773 1.294 | St8-St9 0.976 1.024 | St12-St15 0.511 1.957
St4-St5 0.819 1.221 | St9-St16 0.405 2.467 | St12-Stl16 0.359 2.786
St5-St6 0.941 1.062 | St10-St11 0.753 1.328 | St13-Stl14 0.295 3.388
St5-St10 0.624 1.602 | St10-St13 0.336 2973 | St14-Stl15 0.350 2.856
St6-St7 0.693 1.444 | St10-St16 0.275 3.632 | St14-Stl16 0.261 3.836
St7-St8 0.636 1.573 | Stl11-St14 0.326 3.066 | St15-St16 0.300 3.334

3.3.2 Stage 3 Step 2: Optimize the layout of the stations

The SA algorithm is used for the purpose of determining the workstations' relative positions. SA is
presented by [33, 34]. For the development of this method, which uses a probabilistic search technique, the
annealing procedure used in metalworking served as inspiration. The SA technique denotes a heuristic
mechanism that conducts a random search, considering certain neighbour solutions that improve the objective
function as well as some of those that do not, to prevent staying on the local optimum [35]. Eq. (11) is used to
calculate the probability of acceptance:

P(AE,T) = e~ T (11)
where AE = f(s") — f(s); f(s') is the computed value of the objective function based on the neighbouring
solution; f(s) is current value of the objective function; T is the temperature parameter [36]. A random number
generated between 0 and 1 is contrasted with the acceptance probability. The neighbouring solution that does
not enhance the objective function is approved if P(AE, T) is higher than the randomly generated value [37].
In the early stages of the search, when temperatures are greater, worsening solutions are more likely to be
approved [36].

The difference between HUD; and the generated location in each iteration forms the basis for developing

the optimization model as a minimization problem. The sum of the differences is minimized to achieve a
feasible workstation arrangement. Accordingly, the objective function is defined as follows:

]
Min f = Z(HUDJ- -’ (12)
j=1

where, D; displays distances between workstations and it changes in each iteration of the search procedure.
The coordinates of the workstations in two dimensions are used to compute D;. Initial solution is constructed
using a set of random coordinates at first. The neighbour solutions (i.e., neighbour coordinates) are determined
in subsequent iterations. The optimization model offers a sample workstation layout as a starting point for the
design. Since the SA algorithm uses a stochastic search, each run produces a different layout. A shipyard
designer can choose any of these layouts as a starting point.

4. Results

4.1 Validation of the model

To validate the proposed preliminary shipyard layout generation model, a comparative analysis was
conducted using data from [16]. In [16] authors design an ideal shipyard layout, providing a detailed reference
for station placements. This ideal layout is used as a benchmark for assessing the effectiveness of the proposed
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model. The developed model does not aim to determine exact locations for stations; rather, it generates a
preliminary layout that can serve as a starting point for further refinement. Using the data provided by [16],
the optimization model is run to calculate the preliminary positions of the shipyard workstations. The output
layouts generated by the developed model, represented in Figures 3a, 3b, and 3c, show workstation placements
that are similar to those presented in [16] ideal layout (Figure 3d).

Although the model does not intend to calculate precise station locations, it is observed that the general
positioning of workstations aligns closely with the ideal layout from [16]. This demonstrates that the model is
capable of providing a viable initial design that approximates an optimal arrangement. Such consistency
between the output of the preliminary shipyard layout model and the ideal layout supports the validity of the
proposed approach, indicating that it can be effectively used in the early stages of shipyard design. The
deviation in St 16's placement is due to the model focusing on preliminary design rather than determining
exact locations. The model provides a starting point for the overall layout, so minor deviations like this are
expected and do not significantly affect the general arrangement.

(a) (b)

Stl St6

Si3

St2 St7

" IE St9 | St8 | Stl0| Stl1l| St13 | Stl4 | St1S | Stl6

St5

(c) (d)

Fig. 3 Comparison of preliminary layout results from the proposed model (3a, 3b, 3c) with the ideal layout by [16] (3d)

4.2 Discussions

In discussing the outcomes of this study, it is valuable to acknowledge areas where further refinement
is possible. While the proposed approach provides a structured foundation for optimizing shipyard layouts, a
few constraints inherently affect its applicability and results. Recognizing these limitations not only highlights
the boundaries of the current work but also reveals potential pathways for further research and enhancement.
With these considerations in mind, the following points outline key limitations observed in this study. First,
the findings are influenced by subjective factor weightings based on expert judgments, which may vary across
cases and between specialists. The coming subsection (i.e., sensitivity analysis) addresses this issue. Second,
the generated layout designs are preliminary and provide only an initial framework without determining the
exact final locations for workstations, serving as a foundation for further refinement in detailed planning
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stages. Third, the risk calculations rely on RPN, which are based on failure data specific to individual
workstations, thereby limiting the scope of the risk assessment. Expanding the risk analysis to include broader
factors beyond workstation-specific failures could offer a more comprehensive approach. Lastly, while the
factors used in this study were selected based on an extensive literature review, future applications could adapt
or expand these factors according to specific shipyard needs. Different facilities may have unique priorities or
operational requirements, which could necessitate the inclusion of additional factors to better suit each
particular case.

Survey findings reveals that the risk, flow, and activity weights are, respectively, 0.77, 0.15, and 0.08.
As can be observed, the risk factor's weight is very high. This is a remarkable result. According to the experts
that were consulted, this shows how great the importance of the risk associated with the shipyard layout issue
is. It should be noted at this point that these weights are subject to change. Therefore, the survey should be
conducted with a case-based approach. On the other hand, determining the value of risk is difficult. The
method employed to determine the risk value must take into consideration the shipyard characteristics.

The connections between workstations are illustrated in Figure 4. Nodes represent the workstations,
while lines show that there is a relationship. Due to the complex relations start after the fifth workstation, a
layout design cannot be simply constructed.

St4O StSO
P St10
Stz() Stl1
S“O St14| 4

Fig. 4 Visualization of the links between workstations

If we look at the specifics of how the workstations relate to one another, the pieces cut in Stl first go to
St2, then to St3, and then they are combined here. Following this procedure, the intermediate product is treated
at workstations St4 and St5, respectively. After the parts from St10 have been attached to the panels at the St5
workstation, full welding is completed at the St6 workstation. The intermediate product, whose production
process is finished at workstation St6, is combined with the components from workstations St13 and St12 at
workstation St7. Following this procedure, full welding and grinding are done at St8 and St9 workstations,
respectively. At the St14 workstation, components for curved blocks are produced. Because of this, the curved
block components from workstations St11, St15, St13, and St12 are united here. The parts from St12 and St10
are assembled at the St13 workstation to construct minor and sub-assemblies. The pieces that need to be bent
from the parts that were cut at St10 and St12 move to St11 and St15 workstations, respectively. The block is
formed at the St16 workstation by uniting the elements from the St9, St10, St12, St14, and St15 workstations.

Considering the number of material transport, the busiest station is St13, which has four connections
(Figure 4-5). A substantial number of large and small parts from St10 and St12 are merged here, and the
resulting intermediate products are distributed from there to the St7 and St14.
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Fig. 5 Workstation ranking in terms of the total number of material transport

2000
1800
1600
1400
1200
1000
800
600
400
200

St3 eeess—
St]  —
St5 s

St16
St9 wem
St4 =
Stg mm
St6 =
Stl15 m

=
St]3

St]12 ess——

Stl4  r—
St1()  —

Stl] e

Table 8 provides activity relations based on workstations. The ranking shown in Figure 6 is generated
by digitizing the activity ratings using the scale employed by [13]. As a result, the workstation with the highest
activity relationship score was identified as St7. It is remarkable that St7, which is connected to four
workstations, ranks first in this segment even though St12, St14, and St16 are connected to five workstations.
This is since this workstation's activity relationships are crucial, whereas those of the others are more
moderate.

Table 8 Activity relation ratings by workstations

WS Act!V|ty WS Act!wty WS Act!V|ty WS Act!wty
ratings ratings ratings ratings
Stl A St A A St9 AE St13 A 0,0 E
St2 A A St6 A A St10 ILE, O,0O St14 0,0,0,1,1
St3 A A St7 AALE Stl1 O, E St15 o0
St4 A A St8 A A St12 LA, 0,0,0 St16 E,0,0,1,0
18
16
14
12
10
8
6
4
2
0
SNYaneYeTSygaTERIN g
Ul = U1 o = = = U U U Umm = = N
7] L7 IR S B BV ] vrown

Fig. 6 Workstation ranking in terms of the total activity ratings

St14, St13, St16, and St12 are located in the first four rows, respectively, when the risk values of the
workstations are taken into account (Figure 7).
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Fig. 7 Workstation ranking in terms of the total risk values

For all three factors, St13 and St12 stations are in the top five, whereas St8 station is in the bottom five.
Figure 8 depicts three exemplary workstation arrangements obtained at the conclusion of the optimization
runs.
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St11 o .
. * St16 SU2841
St1 . &ia 13 st15
. s St10 St10
St
52 S * . st13 st6
. &4 &1p | SUE .
5.t3 St5 e . . e ] . . . St5
sti4 S St13 St16 St glype *St1 o ST &
. . St15 . St St14 Su
Std & S5 Sts t
- L ] .
S8 St4 St3
Sz o
L] L4
3.115 St12 St stz
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Solution | Solution 11 Solution 111

Fig. 8 Relative positions of the shipyard workstations

When Figure 4 and 8 are examined together, it is seen that St1, St2, St3, St4, St5 and St6 are all placed
in the same region in all solutions. These workstations are already serially linked, as shown in Figure 4.
Workstations St7, St8, and St9 are situated near to one another. It is worth noting that in all three layouts,
St12 is placed on the edge rather than in the centre. The explanation for this could be that there are no arrivals
from other workstations, only material movement from it to others.

When the generated arrangements are looked at as a whole, some workstations are situated adjacent to
one another even if they are unconnected (e.g. St13 and St16). As a result, it can be claimed that the algorithm
acted freely while positioning these two stations and brought them close to one another because of their
connections to other stations. Profiled panels are produced in the workstation sequence St1, St2, St3, St4, St5,
St6 and St10. When Figure 8 is inspected, they are arranged in the first solution in the form of a "U", in the
second solution in the form of a "L", and in the third solution in the form of a "I". Sub-blocks are constructed
in the workstation sequence St6, St7, St8, St12, and St13. Of these, St6, St12 and St13 send parts to St7.
Therefore, a star-shaped branched layout emerges around St7. The main body of the sub-blocks is produced
at St6, St7, and St8, which are all placed in a "I" form in the three solutions.

It should be noted that the factors used here could vary depending on the shipyard. In a similar fashion,
even if a survey was conducted with some professionals, the weights of the factors are determined in a
subjective manner. This implies that distinct expert groups may designate different factors with varying
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degrees of importance. Along with all these issues, each shipyard has its own special requirements and
priorities, just like any other industrial facility.

In this study, the focus was placed on the steel production process of ship block construction, with
outfitting, painting and other components excluded from the analysis. When examining the optimal topology
identified by [17], it is evident that workstations such as pre-treatment, fabrication, panel line, part assembly,
sub-assembly, and block assembly are positioned similarly to the results obtained in this study. The
workstations defined by [17] can be represented by groupings of the workstations defined here. In [2], the
shipyard layout is designed based on production capability planning and includes several stations not
considered in this study. However, when focusing solely on the relevant workstations, similar workstations
are positioned in close proximity to each other, reflecting comparable patterns. Additionally, the block steel
production stations locations in the proposed layout by [18] align well with the preliminary layout
configurations obtained in this study. As this study primarily addresses only the steel production process of
ship block construction, the inclusion of additional workstations, such as those for painting and outfitting,
presents a promising area for future model development.

4.3 Sensitivity analysis

In practice, decision-makers often have varying priorities based on their unique objectives and the
importance they assign to different factors. For instance, some may prioritize risk, while others might focus
more on flow or activity. This variation in priorities can lead to different outcomes depending on the weight
given to each criterion. To assess how changes in these weights influence the results, a sensitivity analysis is
performed. By adjusting the weights of factors and observing the resulting changes in HUD values, we can
understand how sensitive the outcomes are to factor weights. In addition to the survey results, three alternative
scenarios were developed, as illustrated in Table 9. The sensitivity analysis calculation results are plotted in
Figure 9, illustrating how different weight combinations for flow, risk, and activity impact the HUD between
workstations in the shipyard. By comparing the survey result, risk-dominant, flow-dominant, and activity-
dominant scenarios, we can observe how adjustments to the weight distribution lead to changes in the HUD
values, which are used in the optimization process. These variations highlight the impact of different criteria
on determining preliminary workstation arrangements.

Table 9 Summary of scenarios, including survey results and three alternative weight combinations

= Weights (Survey Weights (Risk Weights (Flow | Weights (Activity
actors . : .
result) dominant) dominant) dominant)
Flow 0,15 0,25 0,5 0,25
Risk 0,77 0,5 0,25 0,25
Activity 0,08 0,25 0,25 0,5

According to the survey results, risk is already the dominant factor with a weight of 0.77, which is
reflected in the higher HUD values observed in the blue line. This indicates that prioritizing risk leads to larger
distances between workstations, as seen across many of the station pairs. In scenarios where risk continues to
dominate (dashed orange line with circles), the HUD values remain relatively high, emphasizing the
correlation between high-risk weights and greater workstation distances. Conversely, the lowest HUD values
are generally observed when activity becomes the dominant factor (dotted yellow line with stars), suggesting
that placing more emphasis on activity results in closer spacing between workstations, which could imply
greater efficiency in terms of physical layout. Interestingly, the analysis shows that for about half of the
workstation pairs, changes in the weighting have little impact on the HUD values. This indicates that for these
pairs, the distances between workstations are not highly sensitive to the criteria weights, providing some
stability in the layout. However, for the other half, significant changes in HUD values are observed when
weights are adjusted, suggesting that these pairs are more sensitive to the weight distribution of flow, risk, and
activity.
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Fig. 9 Sensitivity analysis results showing the effect of different weight combinations for flow, risk, and activity on the HUD
between workstations

5. Conclusions

The arrangement of workstations plays a crucial role in production efficiency, making effective shipyard
layout planning essential. Since shipyard design involves the organization of multiple workstations, an initial
setup provides valuable guidance for designers. This study introduces a novel methodology for determining
the relative locations of shipyard workstations in the preliminary phase of layout design. The proposed
approach generates practical preliminary workstation layouts based on expert opinions and a range of factors,
including flow, risk, and activity. Since there are complicated interactions between workstations half of the
workstations considered have at least three connections. By integrating AHP, fuzzy logic, and the SA
algorithm, the method produced multiple viable layouts, such as U, L, and I-shaped configurations for profiled
panel production, and a star-shaped layout for sub-block production, offering useful alternatives for shipyard
designers. Stl, St2, St3, St4, St5, and St6 may all be in the same area.

Sensitivity analysis demonstrates that factor weightings impact workstation arrangement. In the case
study presented because the importance of the risk factor is assessed to be quite high according to expert
judgments, the safety phenomenon has a significant impact on the layout. The novel aspects of this study
include the application of the SA algorithm for optimizing shipyard facility layouts, the combined use of fuzzy
logic with metaheuristic optimization in the shipyard FLP domain, and the incorporation of safety as a
quantitative risk factor into shipyard FLP. Despite these promising results, the study has certain limitations.
The findings are influenced by subjective factor weightings based on expert judgments, which may vary
between cases and specialists. Future research could explore alternative weighting methods to minimize
subjectivity. Additionally, the layout designs are preliminary, and the methodology does not provide final
exact locations for stations. Future study could focus on developing a more detailed optimization model that
determines precise workstation placements. Expanding the scope to include other risk factors related to
workstation activities could also lead to a more comprehensive and refined design process.
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