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Ltd., Shanghai, China, 3School of Naval Architecture & Ocean Engineering, Jiangsu University of
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The design for large-scale offshore systems like renewable energy systems as

well as ship structures represents the key factor for the investigation and

application of such devices. The existing guide for design schemes of offshore

systems cannot cover novel large-scale design demand for recent offshore

systems, as a result of the fast-growing scale of offshore systems but the late

update of guides. To this end, this paper proposes a novel risk estimation

approach of alternative design schemes for large-scale offshore systems as a

basis to support the design scheme determinations. Initially, the risks of design

schemes are analyzed by fault tree analysis. Subsequently, Bayesian networks and

fuzzy sets are employed to calculate the reliability of alternative designs that

comply with, or deviate from, the existing guides. The risk level of alternative

designs is assessed to ensure the better performance of alternative design

schemes in terms of safety. The Bayesian network approach proposed also

accretions the weak links in the alternative designs. The results of this paper

contribute to enhancing the survivability of offshore systems, such as renewable

energy systems as well as ship structures.
KEYWORDS

Bayesian network, offshore system, fault tree analysis, alternative design, safety design
1 Introduction

Offshore systems have emerged in recent years such as renewable energy systems as

well as ship structures (Buck et al., 2018). As the economy burgeons, cruise ships, epitomes

of high entertainment and unparalleled comfort, are capturing the hearts of an ever-

growing number of people (Li et al., 2020b). The global construction of these majestic

vessels has surged, with average passenger capacities now tripling those of the past.

However, the specter of maritime accidents looms large, with potentially catastrophic
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outcomes (Drummen and Olbert, 2021). Whether in the early 20th

century, when cruise ships first emerged as a novel mode of

transportation, or in the present day, where they have

transformed from mere “transportation” vessels to symbols of

“tourism and leisure,” the issue of cruise ship safety has

consistently commanded significant attention (Wang et al., 2023).

Initially, cruise ships served merely as a means of

transportation, offering passengers limited basic amenities

(Davidson et al., 2021). However, with the advent of the tourism

industry, these vessels have gradually evolved from “transportation-

oriented” to “tourism and leisure-oriented.” Nowadays, cruise ships

have transformed into “floating cities” on the sea, integrating

cultural activities, sports, dining, shopping, lodging, and

sightseeing within their densely populated, intricately structured,

and compactly arranged frameworks.

To reconcile the conflicting needs for functionality and safety,

the International Maritime Organization (IMO) has introduced

alternative design and arrangement standards within conventions

and rules, including the SOLAS Convention (Mouritz et al., 2001).

These standards mandate alternative design risk assessments for

large spaces exceeding regulatory requirements, ensuring that

the design solutions meet stringent safety criteria. Alternative

design represents a goal-oriented approach in ship design,

particularly when the vessel’s usage demands make it impossible

to adhere strictly to existing conventions and standards

(Koromila and Spyrou, 2019). This method permits designers to

utilize risk analysis and safety assessments to demonstrate that

the current design meets the safety objectives and functional

requirements of the conventions and standards, thereby

ensuring that the design maintains an equivalent safety level to

prescriptive requirements.

Fault tree analysis (FTA) and Bayesian networks (BN), due to

their capabilities in risk and fault analysis, have been widely applied

in the fields of ocean engineering and ship engineering. Gürgen

et al. (2023) used fuzzy FTA to investigate the root causes of ship

steering failures. They identified hydraulic power failure, rudder

failure, and steering gear control failure as key issues. Expert

linguistic judgments were used to determine event probabilities,

with hydraulic power failure being the most probable. Tunçel et al.

(2023) analyzed fire and explosion risks in bulk carrier ships using

fuzzy logic, FTA, and cut set importance measurement. It identifies

root causes and key accident combinations. The findings provide

valuable insights for improving safety measures on bulk carrier

ships. Göksu et al. (2023) assessed the risk of ship steering gear

failures using fuzzy BN, focusing on scenarios during port berthing,

strait, and canal crossings. They built a BN in NETICA software and

conducted sensitivity and propagation analyses to identify key

failure causes. The study found that electrical component issues,

particularly loose or corroded wiring, and hydraulic oil-related

errors significantly impact failures.

In addition, Chang et al. (2023) used FTA and BN to assess

liquefied natural gas (LNG) transport risks on the China-Australia

route. The study identified 22 risk factors, calculated their

probabilities, and forecasted potential risks. Key risks include

natural forces, epidemics, piracy, terrorist attacks, and LNG
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explosions. Based on these findings, the study provides mitigation

strategies to enhance safety and reduce risk. Uflaz et al. (2023)

proposed a framework that combines evidential reasoning and

SPAR-H with FTA to quantify human errors and predict ship

collision risks in congested waters. The study identified key human

errors, including inadequate watchkeeping, improper radar

monitoring, and ineffective execution of COLREG actions.

Kaushik and Kumar (2023) proposed an integrated method using

intuitionistic fuzzy FTA and BN for evaluating failure probabilities

in ship mooring operations with imprecise data. This approach

offers a robust alternative for reliability evaluation and aids

decision-makers in implementing preventive and corrective

actions in risk management. Cao et al. (2023) used a data-driven

BN to analyze factors affecting the severity of marine accidents. The

key factors identified include accident type, engine power, gross

tonnage, ship type, and location. Capsizing/sinking, hull/machinery

damage, and collisions are most likely to cause very serious

accidents, particularly for fishing boats and small ships (Redfern

et al., 2020; Ryan et al., 2021).

To assess the risk level for ship alternative design schemes,

Evegren (2017) categorized the assessment results into four distinct

levels. Koromila et al. (2020) conducted a sensitivity analysis on

cruise ship alternative designs, employing advanced fire and

evacuation simulation tools to evaluate the potential losses from

digitally generated fire incidents. Hugosson (2011) performed a

preliminary quantitative analysis on an alternative lightweight

emergency power generation structure for RO-RO ships. Li et al.

(2024) proposed a fire safety assessment method for alternative

cruise ship designs using the best-worst method and DEMATEL

with linguistic Z-numbers. By analyzing fire safety factors through

expert evaluations and considering factor influences and

correlations, the method effectively compares alternative designs

to standard-based options, as validated by a case study on a luxury

cruise restaurant.

The above models and methodologies proposed, however, are

hard to guide the alternative design of large spaces on cruise ships

with limited information in terms of failure/risk of the spaces. The

reason is that each cruise ships are specially designed the existing

knowledge and data are not able to implemented to new cruise ships

directly resulting in a lack of input data for failure features

assessment. To this end, this paper introduces the FTA and BN

to conduct risk assessments on alternative design schemes for large

spaces on cruise ships. The novel contribution of the paper is

as follows:
(i) Propose an FTA-BN jointed methodology to access the risk

level of large-scale of offshore structures with limited

reliability-related design information.

(i) Propose a fuzzy theory-based failure probability assessment

method to access the failure features root causes of large-

scale of offshore structures.
One should realize that this evaluation determines whether the

reliability level of the alternative design schemes for large spaces

meets or exceeds the safety standards of the normative designs
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and is able to identify the weak points of the alternative design

schemes as a basis of that to guide design updating. Overall, the

paper provides a new method for safety design of large-scale of

offshore structures.

The rest of this paper is organized as follows. Section 2 reviews

the basic concepts of FTA and BN. The proposed risk assessment

method of alternative design schemes for large premises based on

FTA-BN is presented in Section 3. Section 4 provides the case

studies and discussions, followed by the conclusions.
2 Methods

2.1 Fault tree analysis

FTA is a typical reliability analysis tool and it is extensively

utilized in system safety and reliability analyses, having found

successful applications in engineering research, design, and

construction projects (Refulio-Coronado et al., 2021; Yazdi et al.,

2023). FTA is a comprehensive method for studying the occurrence,

development, and evolution of accidents (Li and Soares, 2022).

Utilizing logical reasoning, FTA operates through a top-down

approach. FTA identifies all direct events that could lead to

accidents (Garcia-Soto et al., 2021).

The essence of FTA lies in constructing a visual tree diagram

that logically traces the relationships between top-level events and

subsequent lower-level events. This relationship is depicted using

“AND gates” and “OR gates.” An “AND gate” signifies that the

upper-level event will only occur if all connected lower-level input

events happen simultaneously, say:

xi =
0   When there is an input event that has not occurred

1   When all input events occur simultaneously

(
(1)

where, xi is the output event state.

The probability of an upper-level event occurring when

connected through an “AND gate” is calculated as:

PT =
Yn
i=1

Pi (2)

where, PT is the occurrence probability of the upper-level event

and Pi is the occurrence probability of the lower-level event.

An “OR gate” relationship indicates that the upper-level event

will occur if at least one of the connected lower-level input events

happens. The probability of an upper-level event occurring when

connected through an “OR gate” is calculated as:

xi =
0   When all input events have not occurred

1   When at least one input event has occurred

(
(3)

The probability of an upper-level event occurring when

connected through an “OR gate” is calculated as:

PT = 1 −
Yn
i=1

(1 − Pi) (4)
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2.2 Bayesian network

The BN represents dependencies among variables. Its precise

probability expression and correlation modeling capabilities have

garnered increasing attention in system reliability analysis and

evaluation (Li et al., 2022). Pearl (1986) introduced a probabilistic

reasoning network to depict dependencies among probabilities.

Building on this, Lauritzen (1988) proposed the junction tree

algorithm, bringing BN into the realm of engineering

applications. In recent years, BN has found extensive applications

in various fields, including engineering technology. For instance,

Chen et al. (2021) used BN to analyze complex equipment,

proposing a fuzzy BN reasoning model for fault diagnosis.

Similarly, Chen et al. (2020) analyzed the tunneling process of the

drilling and blasting method using BN. Li et al. (2020a) introduced a

BN-based reliability analysis for offshore floating wind turbines,

determining characteristics such as failure probability, failure rate,

and mean time to failure.

BNs genera l l y no ta t ed a s G =< X, E >, where X =

X1,X2, � � �,Xnf g is the set of nodes, and E = E1, E2, � � �, Emf g is

the set of edges. For any node Xi ∈ X (i = 1, 2, � � �, n), it represents
the variables in the model at the probability level and the nodes in

the graph at the directed acyclic graph model level. Ei ∈ E (i =

1, 2, � � �,m) represents the causality between nodes. For any edge

Ei ∈ E connecting a child node to the parent node. Root nodes are

those without parents and intermediate nodes possess both parent

nodes and child nodes. Marginal probability distributions derived

from collected data or subjective experiential information (Bobbio

et al., 2001; Langseth and Portinale, 2007; Jun and Kim, 2017; Hale

et al., 2024).

At the level of probabilistic inference, when the state of Xi ∈ X
is changed, the probability distributions of all nodes within the

network will be updated (Lu et al., 2023; Zhu et al., 2023).

Specifically, let the joint probability distribution of the n-

dimensional random variable (X1,X2, � � �,Xn) by:

P(X1,X2, � � �,Xn)

= P(XnjXn−1,Xn−2, � � �,X1)P(Xn−1jXn−2,Xn−3, � � �,X1) � � � P(X2jX1)P(X1)

=
Yn
i=1

P(XnjXn−1,Xn−2, � � �,X1)

(5)

In BN probabilistic inference, the joint probability distribution

of the n-dimensional random variable (X1,X2, � � �,Xn) can be

simplified as:

P(X1,X2, � � �,Xn) =
Yn
i=1

P(Xijparents(Xi)) (6)

where, parents(Xi) represents the set of parent nodes of the

random variable Xi ∈ X.

A BN updates the probabilistic characteristics of all nodes

within the network according to Bayes’ theorem (Pierard et al.,

2022; Zeldis and Plew, 2022), as:
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P(XijXj) =
P(XjjXi)P(Xi)

o
n

i=1
P(XjjXi)P(Xi)

(7)

where, P(XijXj) denotes the conditional probability of Xi given Xj.
2.3 Framework for constructing a Bayesian
network model based on fault tree

Fault trees are a commonly used in reliability analysis (Čepin

and Mavko, 2002; Hobday et al., 2018). However, as system size

increases and computational accuracy requirements become high,

the precision of the computational results is severely tested.

Therefore, it is able to map FTAs into BNs (Lee et al., 1985). This

article proposes a reliability analysis method based on fault trees for

the design of large spaces on cruise ships. Figure 1 shows the

method for converting the fault tree into the BN used in this article:
Fron
(1) Events in the fault tree to nodes in the BN: The events in the

fault tree are converted into nodes in the BN. Each node in

the BN represents an event in the fault tree.

(2) Causal relationships in the fault tree to directed edges in the

BN: The causal relationships between events in the fault

tree are converted into directed edges in the BN. Directed

edges link nodes in the BN, starting from the parent node

(input event) and pointing to the child node.

(3) Gate logic in the fault tree to conditional probability tables

(CPT) in the BN: The gate logic between events in the fault

tree is converted into conditional probability tables in the

BN. These tables are used to establish the conditional

probabilities for the child nodes based on the parent nodes.
3 The risk assessment of alternative
design schemes

3.1 The design scheme

A main vertical zone (MVZ) in a ship is formed by the hull,

superstructure, and deckhouse sections, separated by steel
tiers in Marine Science 04
bulkheads. Within these MVZs, further subdivisions create

multiple individual spaces. Large spaces, within an MVZ, are

defined as areas enclosed by steel bulkheads that are substantial

in size. These typically include residential areas, dining areas, bars,

and other recreational zones, potentially encompassing the

entire MVZ.

According to the SOLAS Convention, the width and length of

an MVZ on any deck generally should not exceed 40 meters, with a

maximum limit of 48 meters, and the area should not surpass 1600

square meters. However, due to the functional needs of cruise ships,

areas like dining rooms and residential cabins may exceed SOLAS

requirements, thereby increasing fire risk and compromising safety.

The IMO, recognizing this issue, has stipulated in Chapter II-2 of

the SOLAS Convention that large spaces exceeding these specified

limits may undergo alternative design. Nonetheless, the safety level

of these alternative designs must not be lower than that of spaces

meeting the standard requirements.

This article focuses on evaluating the reliability of both SOLAS-

compliant large spaces and alternative design schemes that exceed

these requirements. By employing BN theory based on FTA, the

study quantitatively assesses the reliability of these alternative

designs, determining whether they meet or exceed the reliability

levels of spaces that comply with SOLAS standards.
3.2 Fault tree establishment

Selecting casualties in large premises as the evaluation criteria to

assess the fire safety of cruise ships, therefore, casualties in large

premises are taken as the top event (T) of the fault tree. The incident

is caused by a disastrous fire in a large premise and the inability of

all personnel inside to evacuate, while the disastrous fire is caused

by a fire in a certain zone that could not be controlled.

Let Ai be the fire in the area i that caused casualties, Bi

represents a disastrous fire in area i, Ei represents the inability of

all internal personnel to evacuate due to the fire in area i, Events Ci

andDi represent the occurrence of a fire in area i and the inability to

control the fire, where i = 1, 2, � � �, n. According to the logical

relationship of casualties caused by fires in large premises, it can

be concluded that the relationship between T and Ai (i = 1, 2, � � �, n)
is an “OR gate”, Ai is connected to Bi and Ei through the “AND

gate”, and the relationship between event Bi and events Ci and Di is
FIGURE 1

Converting fault tree into the BN.
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an “AND gate”. To this end, the construction of a fire safety fault

tree for large premises is shown in Figure 2. Note that the fire areas

may change due to different layouts of large premises, therefore, the

area near the exit and densely populated areas can be selected as the

zone of the fire.
3.3 Determination of occurrence
probability for basic events

After establishing the structure of FTA, the next step is to

quantify the probability of basic events. There are many reliability

analysis methods (Huang et al., 2021; Huang et al., 2023; Huang

et al., 2024) that can quantify the failure probability, however, most

of them rely on rich sample data. Due to the scarcity of cruise ship

fire data, it is difficult to quantify the occurrence probability of basic

events. Expert evaluation is an alternative solution to this situation,

and the fuzzy set theory is introduced in this paper. The derivation

of the probability of the basic events includes the following

three steps.

(1) Quantify the occurrence probability using the fuzzy set

To quantify the probability of fire casualties in large premises,

experts are invited to assess all the basic events involved in fire

safety. The occurrence probability of basic events is evaluated using

linguistic terms with {Very Low (VL), Low (L), Slightly Low (SL),

Moderate (M), Slightly High (SH), High (H), and Very High (VH)}.

In addition, to simplify the modeling process, the triangular fuzzy

number ~A = (a1, a2, a3) is used to quantify evaluation linguistics.

Figure 3 displays the expression of fuzzy failure probability, and the

membership function corresponding to the triangular fuzzy number

is as follows:
Frontiers in Marine Science 05
m~A(x) =

0,                             x < a1

(x − a1)=(a2 − a1),   a1 ≤ x ≤ a2

(a3 − x)=(a3 − a2),   a2 ≤ x ≤ a3

0,                             x > a3

8>>>>><
>>>>>:

(8)

(2) Aggregate experts’ evaluations of basic events

Due to differences in experience and cognition, experts may have

different evaluations of the same basic event. To reduce the subjectivity

of personal evaluation, the consistency aggregation method (Kaushik

and Kumar, 2023) is introduced in this paper. Firstly, the similarity

degree between Expert DMi and Expert DMj is defined as:

s(~Ai, ~Aj) =
EVi=EVj,   EVi ≤ EVj

EVj=EVi,   EVj ≤ EVi

(
(9)

where, 0 ≤ s(~Ai, ~Aj) ≤ 1, ~Ai and ~Aj are two triangular fuzzy

numbers, EVi and EVj are the expected evaluations of ~Ai and ~Aj,

respectively. The expected evaluation of a triangular fuzzy number
~Ai = (a1, a2, a3) can be calculated by:

EV(~A) =
1
2
½E−(~A) + E+(~A)� (10)

where, E  − (~A) = (a1 + a2)=2, and E+(~A) = (a2 + a3)=2.

It can be defined as a decision matrix M with elements sij =

s(~Ai, ~Aj), as shown in Equation 16. Note that when i = j, there is sij = 1

.

M =

1 s12 ⋯ s1n

s21 1 ⋯ s2n

⋮ ⋮ ⋱ ⋮

sn1 sn2 ⋯ 1

0
BBBBB@

1
CCCCCA (11)
FIGURE 2

Fire safety fault tree for large premises.
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Then, the average agreement degree A(DMi) and the relative

agreement degree RADi of Expert DMi are computed by:

A(DMi) =
1

n − 1 o
n

j=1,i≠j
sij (12)

RADi = A(DMi)=o
n

i=1
A(DMi) (13)

Accordingly, the experts’ evaluations on the jth basic event can

be aggregated to:

~Aj =o
m

i=1
RADi ⊗ ~Aij,     j = 1, 2, � � �, n (14)

where, ~Aij is the fuzzy evaluation of Expert DMi on the jth basic

event,m and n are the number of experts and basic events, respectively.

(3) Determine the fuzzy probability value of basic events

To address the fuzzy numbers, the center of area defuzzification

is adopted. The aggregated fuzzy number of basic events is

converted into fuzzy possibility score (FPS) by:

FPS =
∫xm~A(x)dx

∫m~A(x)dx
=
1
3
(a1 + a2 + a3) (15)

Finally, to ensure consistency between the true probability and

fuzzy probability of all events, it is necessary to convert the FPS into

fuzzy probability value (FPV), as follows (Wang et al., 2013):

FPV =
1

10K ,    FPS ≠ 0

0,         FPS = 0

(
(16)

where, K = ½(1 − FPS)=FPS�1=3 � 2:301.
3.4 Bayesian network modeling for
fire safety

According to the method described in Section 2.3, the

transformation of the fire safety fault tree for large premises into
Frontiers in Marine Science 06
the BN is simple, with the top event T as the leaf node of the BN, the

intermediate events Ai and Bi as the intermediate nodes, and the

basic events Ci, Di, and Ei as the root nodes, i = 1, 2, � � �, n. Figure 4
gives the BN for fire safety in large premises.

Note that two Boolean gates of “AND gate” and “OR gate” are

contained in the fault tree shown in Figure 2. Therefore, the CPT of

intermediate nodes in Figure 4 are set as Table 1 (Take B1 as an

example) and Table 2. The prior probability of the root node is

obtained from the FPV. Then, by combining the prior probability of

the root node with the CPT, the probability of fire and casualties in

large premises can be determined. In addition, assuming that the

probability of fire and casualties in large premises is 100%,

according to the reverse inference of BNs, the posterior

probabilities of the basic and intermediate events of the fault tree

can be calculated, thereby diagnosing the important factors of fire

safety in large premises of cruise ships.
4 Case studies and discussions

In this section, a luxury cruise ship theater is taken as an example to

verify the proposed fire safety risk assessment method for large

premises. Due to the length of the MVZ where the theater is located

exceeding 48m, and it does not meet the requirements of Chapter II-2/

9 of the SOLAS Convention, therefore the theater needs to implement

an alternative design. To ensure that the alternative design of the

theater can meet the prescribed safety level requirements, the club that

meets the standard requirements is adopted for comparison.
4.1 Fire safety risk assessment for theater

The theater spans decks 4 and 5, with a total of 985 seats (615 seats

on the first floor and 370 seats on the second floor). The performance

stage is arranged at the beginning of the first floor, spanning two decks.

To ensure the viewing experience, the middle of the second floor is

designed with an opening, and the seats are arranged around the

opening. There are a total of 6 exits arranged on the first floor, with 2
FIGURE 3

Expression of fuzzy failure probability.
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at the rear and middle for passenger use, and 2 at the front for theater

staff use. There are a total of 4 exits arranged on the second floor, with 2

at the rear and front. The floor plan of the theater is shown in Figure 5

and Figure 6.

Define the occurrence of casualties in the theater as the top

event (T), which is caused by a disastrous fire in the theater and

the inability of all personnel to evacuate. According to the layout

of the theater, the possible scenarios that may cause the top even

include fire with casualties near the rear exit of the first floor (A1),

a fire with casualties near the middle exit of the first floor (A2), a

fire with casualties near the middle seat of the first floor (A3), a fire

with casualties on the first-floor stage (A4), a fire with casualties on

the side curtain of the first floor (A5), a fire with casualties near the

rear exit of the second floor (A6), a fire with casualties near the

front exit of the second floor (A7), and a fire with casualties on

the side curtain of the second floor (A8), as shown in Figures 5, 6.

Therefore, according to Figure 3, the fire safety fault tree of theater

can be constructed as shown in Figure 7, where intermediate

events B1, B2, B3, B4, B5, B6, B7, and B8 respectively represent a

disastrous fire near the rear exit of the first floor, a disastrous fire

near the middle exit of the first floor, a disastrous fire near the

middle seat of the first floor, a disastrous fire on the first-floor

stage, a disastrous fire on the side curtains of the first floor, a
Frontiers in Marine Science 07
disastrous fire near the rear exit of the second floor, a disastrous

fire near the front exit of the second floor, and a disastrous fire on

the side curtains of the second floor. The basic events and their

descriptions are tabulated in Table 3.

Due to the scarcity of data on cruise ship fire accidents, expert

evaluations are collected to estimate the occurrence probability of

the basic event of the theater fire safety fault tree. 5 fire risk experts

are invited to form an evaluation team to assess the 24 basic events

of the alternative design scheme for the aforementioned theater.

According to the triangular fuzzy numbers shown in Figure 3, the

evaluation results of the 5 experts are listed in Table 4. In addition,

Table 4 provides the aggregated fuzzy number and fuzzy occurrence

probability of each basic event.

In can be observed from Table 4 that the occurrence probability

of the inability of personnel to evacuate due to the fire near the rear

exit of the second floor (E6) is the highest. This is because the rear

exit is the main escape route for the second floor. If a fire occurs

here, it will render one of the two main escape routes unusable and

block the escape route for personnel on the side of the ship to escape

to the middle, greatly increasing the difficulty of evacuation for

personnel on the second floor. The next is the probability of a fire

broke out on the first-floor stage (C4). Due to usage requirements,

flammable materials such as curtains and decorations are generally
FIGURE 4

Bayesian network for fire safety in large premises.
TABLE 1 Conditional probabilistic table for B1.

C1 1 0

D1 1 0 1 0

B1
1 1 0 0 0 0 0 0 0

0 0 1 1 1 1 1 1 1
TABLE 2 Conditional probabilistic table for T..

A1 1 0

A2 1 0 1 0

… …

An 1 0 … 1 0 1 0 … 1 0

T
1 1 1 … 1 1 1 1 … 1 0

0 0 0 … 0 0 0 0 … 0 1
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placed on the stage, which increases the likelihood of a fire

occurring. In addition, the probability of a fire near the middle

seat of the first floor cannot be controlled (D3) is relatively high. The

reason is that the arrangement of middle seats on the first floor is

the most densely packed and far away from fire-fighting facilities,

making it easier for the fire to spread. The probability of the

inability of personnel to evacuate due to the fire on the side

curtain of the second floor (E8) is the lowest. The side curtain is

far from the escape point and has little impact on the use of the

escape route, resulting in minimal impact on personnel evacuation.

The above situation is consistent with reality, indicating that the

evaluation results are reasonable.

According to the transformation of the fault tree into BN, the

obtained BN for the fire safety of the theater is shown in Figure 8. By

combining the occurrence probability of the basic event listed in

Table 4 and the CPTs shown in Tables 1, 2, the probability of fire

with casualties of the theater can be derived. The well-established

software GeNIe is adopted in this paper to implement BN modeling

and analysis. The obtained probability of fire with casualties for the

alternative design of the theater is 2.190×10−6, and the probability of

fire with casualties in each area is listed in Table 5.

As seen in Table 5, the probability of a fire with casualties on the

first-floor stage (A4) is the highest. Due to the functional
Frontiers in Marine Science 08
requirements of the stage, fires are more likely to occur here, and

the fire is more likely to spread and difficult to control, resulting in

the highest risk of casualties. The next is the probability of a fire

with casualties near the rear exit of the second floor (A6). This is

because the space on the second floor is relatively narrow. Once this

exit catches fire, it not only renders one of the main escape routes

unusable but also blocks the escape route from the side of the ship to

the middle, seriously affecting the evacuation and escape of

personnel on the second floor, resulting in casualties. The area

with the lowest probability of fire with casualties is the side curtain

of the second floor (A8). The reason is that due to the layout of the

theater, there are fewer people on the side, making it less prone to

fire. Even if a fire occurs here, the impact on the escape route and

exit is very small. In addition, the number of people on the second

floor is much smaller than on the first floor, making it the least

likely to cause casualties.
4.2 Fire safety risk assessment for club

The club is situated in the 2nd MVZ of the cruise ship, which is

40m long and covers an area of 1135m2, satisfying the regulatory

requirements and does not require alternative design. The club has
FIGURE 5

Layout of the first floor of the theater.
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158 seats, with the stage arranged at the rear and one exit on each

side. The layout of the club is shown in Figure 9.

According to the layout of the club, five situations can cause a fire

with casualties: a fire with casualties near the port exit (A1), a fire with

casualties near the starboard exit (A2), a fire with casualties near the
Frontiers in Marine Science 09
middle seat (A3), a fire with casualties on the stage (A4), and a fire with

casualties on the starboard curtain (A5). The locations of each area are

marked in Figure 9. Define intermediate nodes B1, B2, B3, B4, and B5 as

a disastrous fire near the port exit, a disastrous fire near the starboard

exit, a disastrous fire on the middle seat, a disastrous fire on the stage,
FIGURE 7

Fire safety fault tree of the theater.
FIGURE 6

Layout of the second floor of the theater.
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TABLE 4 Expert evaluations for theater fire with casualties.

Event DM1 DM2 DM3 DM4
DM5 Aggregated fuzzy number Occurrence

probability/%

C1 L SL SL L H (0.120, 0.278, 0.467) 0.078

D1 SL SL SL VL M (0.133, 0.327, 0.525) 0.120

E1 H VH SH SH SH (0.611, 0.793, 0.938) 3.111

C2 L SL M SL SH (0.200, 0.387, 0.587) 0.216

D2 M SL SL L M (0.174, 0.362, 0.562) 0.173

E2 SH H SH SH H (0.577, 0.777, 0.939) 2.791

C3 SL L M L SH (0.167, 0.325, 0.525) 0.134

D3 SH H VH SL H (0.636, 0.814, 0.925) 3.351

E3 SL M SH VL M (0.297, 0.491, 0.689) 0.473

C4 H VH H M VH (0.729, 0.887, 0.958) 5.456

D4 SH M SH M H (0.457, 0.657, 0.839) 1.352

E4 SL L VL SL H (0.158, 0.326, 0.506) 0.122

C5 H M SL VL SH (0.402, 0.596, 0.77) 0.911

D5 SH H L SL SH (0.427, 0.617, 0.795) 1.063

E5 SL M L VL M (0.187, 0.360, 0.555) 0.175

C6 M L SL M SH (0.268, 0.457, 0.657) 0.376

D6 M SL M L M (0.234, 0.424, 0.624) 0.290

E6 VH VH H H SH (0.746, 0.906, 0.982) 6.433

C7 SL SH SL SL M (0.196, 0.396, 0.596) 0.224

D7 SH SL M SL M (0.256, 0.456, 0.656) 0.362

E7 SL SL SH SH SH (0.361, 0.561, 0.761) 0.757

C8 SH SL SL L H (0.277, 0.465, 0.646) 0.382

D8 M SH M M H (0.404, 0.604, 0.788) 0.968

E8 L L SL VL M (0.072, 0.202, 0.395) 0.032
F
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TABLE 3 Fault tree events and their descriptions of the theater.

Event Description Event Description Event Description

C1
Fire broke out near the rear exit

of the first floor
D1

Fire near the exit at the rear of the first
floor cannot be controlled

E1
Inability of personnel to evacuate due to the fire near

the rear exit of the first floor

C2
Fire broke out near the middle

exit of the first floor
D2

Fire near the middle exit of the first floor
cannot be controlled

E2
Inability of personnel to evacuate due to the fire near

the middle exit of the first floor

C3
Fire broke out near the middle

seat of the first floor
D3

Fire near the middle seat of the first floor
cannot be controlled

E3
Inability of personnel to evacuate due to the fire near

the middle seat of the first floor

C4
Fire broke out on the first-

floor stage
D4

Fire on the first-floor stage cannot
be controlled

E4
Inability of personnel to evacuate due to the fire on

the first-floor stage

C5
Fire broke out on the side
curtain of the first floor

D5
Fire on the side curtain of the first floor

cannot be controlled
E5

Inability of personnel to evacuate due to the fire on
the side curtain of the first floor

C6
Fire broke out near the rear exit

of the second floor
D6

Fire near the rear exit of the second floor
cannot be controlled

E6
Inability of personnel to evacuate due to the fire near

the rear exit of the second floor

C7
Fire broke out near the front exit

of the second floor
D7

Fire near the front exit of the second
floor cannot be controlled

E7
Inability of personnel to evacuate due to the fire near

the front exit of the second floor

C8
Fire broke out on the side
curtain of the second floor

D8
Fire on the side curtain of the second

floor cannot be controlled
E8

Inability of personnel to evacuate due to the fire on
the side curtain of the second floor
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and a disastrous fire on the starboard curtain, respectively. Referring to

Figure 8, the BN for fire safety of the club is established in Figure 10,

where the root nodes and their descriptions are shown in Table 6.

Five fire risk experts are also invited to evaluate the club fire

with casualties. The obtained fuzzy evaluation linguistics, the

aggregated fuzzy numbers, and fuzzy occurrence probabilities are

listed in Table 7. Furthermore, the calculated probability of fires

with casualties in the club and its areas is shown in Table 8. It can be

seen from Table 8 that the probability offire with casualties near the

starboard exit (A2) is the lowest, followed by the probability of fire

with casualties on the starboard curtains causing casualties (A5),

and the probability of fire with casualties near the middle seat (A3).

The probability of fire with casualties on the stage (A4) is the

highest. Due to the functional requirements of the stage, fires are

more likely to occur here, and the fire is more likely to spread and

difficult to control, resulting in the highest risk of casualties.

Summarizing the situation in each area, the probability of club

fire with casualties is 2.539×10−6.
4.3 Comparisons and discussions

By comparing the probabilities of theater fire with casualties

(2.190×10−6) and club fire with casualties (2.539×10−6), it can be

concluded that the safety level of the theater alternative design
Frontiers in Marine Science 11
meets the requirements of the convention. In terms of the

alternative design of the theater, due to the increase in capacity,

the arrangement of seats is more densely packed, which to some

extent increases the risk of fire and uncontrollable fire. A larger

stage also brings greater fire risks. In addition, the increase in

space makes the evacuation route for personnel longer, and the

fixed seats slow down the evacuation speed, which increases the

risk of personnel being unable to complete the evacuation

completely. However, due to the significant increase in the

number of theater exits, it is more conducive to the evacuation

of all personnel. Meanwhile, multiple exits provide more

evacuation route options, which is conducive to dealing with

situations where a certain exit cannot be used due to the impact

of a fire, effectively reducing the risk of casualties.

To further analyze the risk factors of theater fire with casualties,

the occurrence probability of leaf node (T) is set to 100% in the

established BN model of theater fire safety, which means that a fire

has occurred in the theater and there have been casualties. According

to the software GeNIe, the posterior probabilities of each root node in

the BN are obtained, as shown in Figure 11, Table 9. It can be

observed from Figure 11, Table 9 that the root nodes (C4, D4, E4)

related to the fire on the first-floor stage have the greatest impact on

the alternative design of the theater, followed by the root nodes (C6,

D6, E6) of the fire near the rear exit on the second floor and the root

nodes (C3, D3, E3) of the fire near the middle seat of the first floor.

These risk events require priority development of strict management

and measures to reduce the probability of theater fire with casualties.

In addition, sensitivity analyses are conducted on the BN of

theater fire safety, as shown in Figure 12, where the darker the node

color, the more sensitive it is to the target node (i.e., the theater fire

with casualties). As seen in Figure 12, the nodes with darker colors

include E4 (Inability of personnel to evacuate due to the fire on the

first-floor stage), D6 (Fire near the rear exit of the second floor

cannot be controlled), C6 (Fire broke out near the rear exit of the

second floor), C3 (Fire broke out near the middle seat of the first

floor), E5 (Inability of personnel to evacuate due to the fire on the

side curtain of the first floor). A small change in the occurrence
FIGURE 8

Bayesian network for fire safety of the theater.
TABLE 5 Probability of fire with casualties in the theater.

Node
Occurrence

probability/10−6 Node
Occurrence

probability/10−6

A1 0.291 A5 1.695

A2 1.043 A6 7.015

A3 2.124 A7 0.614

A4 8.999 A8 0.118

T 2.190
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probability of the above nodes may have a significant impact on

theater fires with casualties. Therefore, emphasis should be given to

reducing their occurrence probabilities and improving the safety of

the alternative design scheme.
5 Conclusions

This paper, grounded in FTA and fuzzy set theory, constructs

BN models for both the design scheme that meets regulatory

requirements and the alternative design scheme that exceeds these

standards for large premises. A risk assessment of the two design

schemes was conducted, along with an evaluation of the importance
Frontiers in Marine Science 12
of each fundamental event within the alternative design scheme.

The conclusions of this study are as follows:
(1) The risk assessment indicates that the alternative design

scheme for the large premises proposed in this paper has a

lower reliability level compared to the design scheme that

meets regulatory requirements, yet this alternative design

scheme is feasible.

(2) From the perspective of enhancing the reliability of the

alternative design scheme for large premises, it is found that

the layout of the stage and the exit area at the back of the

second floor are critical components. These can be

strengthened by increasing fire safety equipment, reducing
FIGURE 9

Layout of the club.
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FIGURE 10

Bayesian network for fire safety of the club.
TABLE 6 Roof nodes and their descriptions.

Node Description Node Description Node Description

C1
Fire broke out near the

port exit
D1

Fire near the port exit cannot
be controlled

E1
Inability of personnel to evacuate due to the fire near the

port exit

C2
Fire broke out near the

starboard exit
D2

Fire near the starboard exit cannot
be controlled

E2
Inability of personnel to evacuate due to the fire near the

starboard exit

C3
Fire broke out near the

middle seat
D3

Fire near the middle seat cannot
be controlled

E3
Inability of personnel to evacuate due to the fire near the

middle seat

C4 Fire broke out on the stage D4 Fire on the stage cannot be controlled E4
Inability of personnel to evacuate due to the fire on

the stage

C5
Fire broke out on the
starboard curtain

D5
Fire on the starboard curtain cannot

be controlled
E5

Inability of personnel to evacuate due to the fire on the
starboard curtain
F
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TABLE 7 Expert evaluations for club fire with casualties.

Event DM1 DM2 DM3 DM4
DM5 Aggregated fuzzy number Occurrence

probability/%

C1 L M SL L M (0.145, 0.307, 0.507) 0.110

D1 L SH M SH SH (0.427, 0.620, 0.820) 1.125

E1 SH H M H VH (0.637, 0.816, 0.932) 3.432

C2 L M L L M (0.120, 0.278, 0.467) 0.078

D2 SL L SH L SH (0.222, 0.382, 0.582) 0.223

E2 SH SH SL H VH (0.579, 0.759, 0.896) 2.451

C3 L H SH SL L (0.241, 0.398, 0.581) 0.246

D3 M SH M M H (0.404, 0.604, 0.788) 0.968

E3 L H H M M (0.457, 0.649, 0.804) 1.236

C4 SH H M SH H (0.549, 0.749, 0.908) 2.302

D4 M H SH SL H (0.493, 0.693, 0.849) 1.602

(Continued)
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TABLE 7 Continued

Event DM1 DM2 DM3 DM4
DM5 Aggregated fuzzy number Occurrence

probability/%

E4 L M M M M (0.279, 0.471, 0.671) 0.414

C5 SH H SL SL SH (0.391, 0.591, 0.772) 0.887

D5 SL SH M SL VH (0.356, 0.540, 0.707) 0.634

E5 SL SH SH VL SL (0.289, 0.483, 0.680) 0.445
F
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TABLE 8 Probability of fire with casualties in the theater.

Node Occurrence probability/10−6 Node Occurrence probability/10−6

A1 0.425 A4 1.527

A2 0.043 A5 0.250

A3 0.294 T 2.539
FIGURE 11

Key risk factors identification for theater fire with casualties.
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Fron
the use of combustible materials, and planning escape routes

more effectively.
It should be noted that the fault tree and BN of alternative

design schemes for safety assessment are constructed from the
tiers in Marine Science 15
major fire occurrence and inability to evacuate safety. Cruise ships

are a complex system, and a large number of factors such as cabin

layout, vertical bulkhead fire separation structure, fire and smoke

deflector layout, main fire protection system, escape exit layout,

and escape sign layout can affect fire safety. Therefore, improving
FIGURE 12

Sensitivity analysis for theater fire with casualties.
TABLE 9 Posterior probability for theater fire with casualties.

Node Posterior probability/% Node Posterior probability/% Node Posterior probability/%

C1 1.407 E3 10.126 D6 32.229

D1 1.448 C4 44.309 E6 36.404

E1 4.399 D4 41.892 C7 3.021

C2 4.968 E4 44.167 D7 3.155

D2 4.927 C5 8.579 E7 3.539

E2 7.421 D5 8.720 C8 0.920

C3 9.820 E5 7.900 D8 1.503

D3 12.725 C6 2.287 E8 0.572
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the fault tree and BN models from the perspective of facilities is

our future work.
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