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Abstract: To investigate the human-related factors associated with suffocation on ships during
docking repair, a comprehensive analysis model composed of a Bayesian network (BN) and a complex
network (CN) is proposed in the present study. The principle of event tree analysis (ETA) is firstly
applied to identify the hazardous events involved in the accident according to the accident report,
based on which the CN would then be developed with the logic relationships among the hazardous
events. The improved K-shell decomposition algorithm is utilized to determine the criticality of
nodes in the CN, the results of which are then used to develop the BN model within the framework
of a human factor analysis classification system (HFACS). Then, the developed BN model can be
simulated with the probability distribution of all the nodes within the BN, which are obtained on the
basis of node criticality. Finally, the results of the BN simulation are interpreted from the perspectives
of a brief analysis, backward analysis and sensitivity analysis. The results are verified with existing
studies and the accident investigation report issued by authority, which are presented as evidence to
verify the effectiveness of the proposed methodology to evaluate the human-related risk involved in
the suffocation on ships. The methodology proposed in this study integrates the advantages of BN
and CN to investigate the human-related hazardous events involved in maritime accidents, which
can be seen as the main innovation of this work.

Keywords: suffocation on ships; human-related hazardous events; Bayesian network; complex
network; HFACS

1. Introduction

The operational scenarios in shipyards are characterized by high risk level due to the
frequent interaction among various stakeholders and the different work types involved
during docking repair [1–3]. During docking repair, it is common that a lot of professional
and dangerous operations are carried out simultaneously in the same space, meaning that
risk factors are highly interconnected and harmful, especially human-related factors [4].
In Singapore, accidents and incidents which occur during docking repair are receiving
attention, and a legislative amendment was passed by the attorney general’s chambers [5]
to prevent or minimize the occurrence of such accidents. Later, in 2019, the International
Labor Organization (ILO) adopted a revised code of practice for safety and health in
shipbuilding and ship repair at the 329th session [6], which aimed to improve safety and
health practices by providing good practice for governments, employers, and workers.
However, occupational incidents and accidents still occur in the shipyard during docking
repair, which indicates that safety management processes during docking repair need to be
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further improved [7]. In addition, with the influence of some important regulations and
codes adopted by International Maritime Organization (IMO), such as the revised MARPOL
Annex VI [8] and the International Convention for the Control and Management of Ships
Ballast Water and Sediments (BWM) [9], a large number of operating ships have to be
refitted during docking repair to satisfy the new regulations. It can be reasonably predicted
that the ship repair industry will continue to run with relatively high demand. For instance,
according to the statistics of the China Association of the National Shipbuilding Industry
(CANSI), in 2019, the shipbuilding industry and ship repair industry accounted for 65.4%
and 4.2% of the overall business income in China, respectively. Compared with the figures
of 2015, the proportion of these increased significantly [10]. It is important and urgent to
reduce the rate of occupational accidents and accurately and efficiently promote industrial
safety management.

1.1. Related Studies

In the scientific literature, the general characteristics and common causes of accidents
can be summarized in terms of the time, place, type of work, age of workers, work experi-
ence, etc., through statistics and research on historical accidents [4,11,12]. When the average
temperature is above 25 ◦C from June to September every year, the death toll is the highest.
These aspects can be taken as accident-related risk factors for analyzing the cause and
effect of occupational accidents from a comprehensive perspective [13,14]. However, such
studies often lack pertinence due to the variety of accident types; thus, some studies began
to focus on causal analysis based on a typical accident or operation category [15–17]. Still,
accidents that may occur in confined spaces such as cargo holds have not received enough
attention. In fact, it is estimated that there are 0.05–0.08 deaths per 100,000 workers in
such working conditions [18]. In addition, nearly 38 people die of poisoning or suffocation
accidents in confined spaces every year [19]. In Virginia, the highest death rate per million
employees is occupational confined-space accidents in shipbuilding and repair facilities,
with a probability of 23.2% [20]. Therefore, it is especially necessary to analyze and solve
the safety dilemma surrounding this kind production activity.

When there is a production accident, people tend to investigate the causes of accidents
on the surface, rather than analyze the root causes, which leads to simply attributing the
accidents to worker violations or errors. As a result, the risk control strategy is always inad-
equate, and accidents endangering the safety of employees occur repeatedly. Consistent
with these observations, organizational and management factors such as the weak safety
awareness of workers, high work pressure, inadequate professional familiarization and
training, and lax supervision of processes [1,17,21] are increasingly being recognized as the
deep-seated causes of accidents that need to be acknowledged. These factors are closely
related to human behavior, not only human errors. Here, the related risks are collectively
referred to as human factors. It is generally acknowledged that, with the economic environ-
ment and advanced science and technology providing technical guarantees and a material
basis for the realization of safe conditions, human factors play an increasingly prominent
role in the occurrence and evolution of accidents [22,23].

In addition, the risks that lead to incidents and accidents in shipbuilding and repair,
including human factors, are extremely complex and uncertain. Therefore, it is crucial to
systematically study the formation mechanism of accidents and the causal relationship
between risk factors. Risk assessment is a useful technology in the field [3,13,24]. Some
qualitative research methods involving literature reviews, field surveys of practitioners,
and expert interviews can assist in the identification of potential risk factors related to
accidents [25]. They provide factual information about working conditions, occupational
characteristics, and management vulnerabilities that may not be covered in official accident
reports, promoting a further understanding of the risks and hazards faced by employ-
ees. Meanwhile, studies have shown that the causes of accidents are multifaceted and
variable [23,26,27]; hence, there is a need to classify these factors from different research
perspectives. The decomposition and classification of human factors have been studied
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and widely applied in various fields by [28] and other researchers. The HFACS is widely
regarded as having great value in the systematic analysis of the causes of accidents, which
takes the continuous influence of high-level factors on low-level factors into account [29].
However, the complex logic relationships among factors allocated at different hierarchical
layers under the HFACS framework are frequently ignored. Therefore, this study considers
the logic relationships among different factors to implement risk evaluation.

The methodologies employed to investigate the causation for shipyard accidents are
mainly represented by statistics-based techniques, such as those used in [1,4,12,30,31]. To
further analyze shipyard accidents, the hybrid methodologies proposed in recent years for
marine accident analysis can be referred to for investigation of the potential risks involved
in shipyard accidents. Some of these hybrid methodologies are listed in Table 1.

Table 1. Hybrid methodologies used within the scope of marine accident analysis in recent years.

Source Hybrid Methodology Risk Scenario

[32] AcciMap-ANP Ship grounding accident
[33] BN-TRACEr Ship collision
[34] ANP-HFACS LPG leakage accident from gas carrier
[35] Fuzzy theory-FTA Ship mooring operation
[36] FTA-Modified CREAM Oil tanker collision accident
[37] BN-TOPSIS Maritime accident prevention

[38] FAHP-spatial fuzzy
multi-criteria approach Maritime accidents in the South China sea

[23] Fuzzy theory-BN Maritime accidents associated with sand carriers

[25] FT-ANN-HFACS Maritime accidents associated with sand carriers
in coastal waters in China

[39] DT-BN Ship oil spill accident
[40] FTA-BN Ship grounding accidents
[27] ETA-CN Ship grounding accidents

[41] SEM-BN Human-related factors in ship grounding
accidents

[42] FRAM-BN Maritime liquid cargo leakage accidents

Lots of complex causal relationships and uncertain risks are involved in shipyard
accidents, which can hardly be addressed by statistics-based approaches. Therefore, it
is necessary to consider hybrid methodologies to improve the safety management in
shipyards by analyzing human-factor-related accidents. With reference to similar studies in
the maritime industry, as listed in Table 1, it can be observed that BN is widely accepted as
an effective technique to model maritime accidents. To implement the Bayesian inference,
the probability distribution for the nodes within the BN is required; for this purpose, fuzzy
theory and expert elicitation are frequently applied. However, in these cases, the subjective
bias and knowledge limitation may inevitably reduce the accuracy of the Bayesian inference.
Therefore, in the present study, the exploratory application of a CN approach is conducted
to quantify the probability of all the nodes within BN. The focus of this study is to establish
a comprehensive accident analysis and risk assessment model that can reflect the risk
propagation path, and then combine with the fuzzy algorithm and information theory to
quantify and address the uncertainty of human factors in a ship repair system. Moreover,
an accident that occurred in a Chinese shipyard is used as an empirical case to verify the
proposed method. A classic method of accident analysis, fault tree analysis (FTA), is used
and combined with fuzzy extent AHP to systematically establish the causal relationship
of accidents and address the randomness of risk factors in this study. In addition, BN is
adopted to predict the probability of risk because of its powerful learning and reasoning
capability in many intelligent algorithms. In particular, the introduction of canonical
probabilistic models has come to be recognized as an ingenious method to reduce the
difficulty of obtaining the conditional probability between nodes in a BN, and it can
simplify and deal with the problems of complex systems.



Appl. Sci. 2022, 12, 6905 4 of 21

1.2. Innovative Contribution

The purpose of this study is to develop a comprehensive, human-related hazardous
events assessment methodology with full consideration of the influences from social and
technical aspects. Using this methodology, the risks stemming from on-site operations and
management level can be quantitatively analyzed for accidents which occur during docking
repair. For this purpose, a suffocation accident which occurred in a Chinese shipyard is
exampled as a case study to illustrate the application of the proposed methodology. By
the application of the methodology, the accident report is firstly qualitatively interpreted
according to the basic principle of ETA to identify the human-related hazardous events
involved in the suffocation accident. Additionally, the logic relationships among the
identified hazardous events are analyzed to establish the CN, which is then evaluated by
the improved K-shell decomposition algorithm to obtain the node criticality. Meanwhile,
the identified hazardous events are reorganized within the framework of the HFACS
with reference to the node criticality to develop the framework of the BN. Subsequently,
the above-obtained node criticality is utilized to calculate the probability distribution of
the nodes involved in the BN, which is essential for Bayesian inference. The innovative
contribution of the proposed methodology is summarized as follows.

1. Theoretical exploration of quantitatively describing the human-related hazardous
events involved in the maritime accidents which have occurred during docking repair
with a full consideration of factors from social–technological aspects.

2. The application of the CN in this study is able to conquer the shortage of the ETA, in
which it fails to consider the logic relationships among hazardous events allocated at
different levels.

3. The determination of prior probability and conditional probability of the Bayesian
inference is implemented by the improved K-shell decomposition algorithm.

4. An entire solution to assess human-related hazardous events in shipyard accidents
is established, and the consistent precision of this is validated with a case study of
a suffocation accident.

1.3. Organization

The remainder of this paper is organized as follows. Section 2 describes the materials
and methods for the evaluation of human-related hazardous events which contribute to
suffocation. The results and discussion are presented in Section 3. Finally, the paper is
concluded in Section 4.

2. Materials and Methods
2.1. Risk Scenario and Overview for the Proposed Methodology
2.1.1. Risk Scenario Description

On 5 May 2021, at approximately 14:45, a newly built 180,000-tonnage bulk carrier
named “H1502” suffered from a poisoning and suffocation accident caused by high-density
nitrogen during docking repair in a shipyard in Shanghai. Unfortunately, this accident
caused two deaths. The following details were extracted from the accident report which
can be accessed from Office of Emergency Management of Shanghai [43].

In the morning of the 5 May, the operators were assigned to purge the pipes with pure
nitrogen in the stem of the ship by the coordinator on site, in the absence of a representative
of the ship’s owner. After noon, the operators on site implemented the purge in the cabin
containing the bathymeter, a space regarded as a typical enclosure space, without taking
effective safety measures. At approximately 14:30, two hydraulic pipes which connected
together with the “U” pipe, marked as A and B, respectively, were purged fully with
nitrogen. Then, the outlet valve of nitrogen was closed. Subsequently, the operators on site
dismantled the “U” pipe connecting the hydraulic pipes A and B, and intended to purge
hydraulic pipe A. For this purpose, the outlet valve of nitrogen was opened again. At this
moment, a large amount of nitrogen leaked into the cabin. Five minutes later, the operators
were found syncope in the cabin.
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2.1.2. Overview for the Proposed Methodology

In the present study, a novel methodology integrated by CN and BN is proposed
to investigate the human-related hazardous events involved in the suffocation on ships
from the perspective of the complex social–technological system. The general principle
for the proposed methodology is illustrated in Figure 1, and there are four main steps for
its implementation.
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Step 1—Risk scenario description: The human-related hazardous events involved in
the accident report are firstly identified based on the principle of ETA. Then, the directed
CN is developed on the basis of hazardous events, with the nodes and logic relationships
among hazardous events being directed edges. In addition, the topological description for
the developed CN is also conducted with the aspects of weights and degrees.

Step 2—Human-related hazardous events: The criticality of the nodes involved in the
directed CN is then calculated by means of an improved K-shell decomposition algorithm
based on the values of weights and degrees.

Step 3—Development of BN: The framework of the BN is first developed by the inte-
gration of HFACS and the results of node criticality. Then, the prior probability distribution
for root nodes and the conditional probability tables for other nodes can be determined
with application of the probability-related method proposed in this study, on the basis of
node criticality.

Step 4—Human-related causation analysis based on BN simulation: The developed
BN is finally simulated to investigate the human-related hazardous events involved in the
suffocation accident, which is beneficial in improving the safety management for operation
on board the ships.
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2.2. Development of CN

In the present study, the CN is developed by the human-related hazardous events
identification and causal logic analysis among these events. The principle of ETA is utilized
to identify the human-related hazardous events involved in the accident report. As a result,
these events are considered as the nodes within the CN, and the causal logic among the
events would be regarded as the directed edges.

2.2.1. Human-Related Hazardous Event Identification

According to the principle of ETA, the suffocation accident report was interpreted in
detail to identify the human-related hazardous events contributing to the occurrence of the
objective accident. Finally, a total of 40 hazardous events were identified, all of which are
presented in Table 2.

Table 2. Hazardous events identified from the accident report.

Item Description

N_1 A large amount of nitrogen remained in hydraulic pipes A and B, left by the operators

N_2 The inappropriate design of hydraulic pipes A and B meant they ran through the ship from ahead to astern

N_3 Hydraulic pipes A and B were connected as a loop by the operator to implement the pipe cleaning

N_4 The safety supervisor on board the ship did not perceive the unsafe actions of the operators and failed to correct the
inappropriate operations

N_5 The representative of the ship owner was absent during the operation

N_6 The volume of the fore peak tank was relatively small

N_7 The hull length was approximately 290 m; as a result, the hydraulic pipe to be purged was longer than common pipes

N_8 Nitrogen leakage

N_9 A large amount of nitrogen was stored on board the ship—a total of 25 sets of nitrogen cylinders

N_10 The safety management department of the shipyard failed to strictly implement all safety measures during the
holiday season

N_11 The safety management department of the shipyard did not attach great importance to the safety of the operation on
site, and the safety issues were not paid much attention

N_12 The quality management system in the safety management department was found be defective in the aspect of the
required process guidance documents

N_13 The shipyard failed to effectively supervise the operators on site to strictly implement the safety management system
and the operation instruction

N_14 The safety management department of the shipyard did not strictly implement the safety management
regulations—there was no confirmation of the key operation

N_15 The safety training and drilling in the safety management department of the shipyard had not been implemented for
a long time

N_16 The superintendent of the civil marine project failed to effectively supervise the issues in risk prevention

N_17 The managers and officers in the civil marine project failed to pay much attention to the preventive measures in the field
of safety when formulating the operation plan

N_18 The superintendent of the civil marine project did not eliminate the potential dangers for the common operation in time

N_19 Personnel suffocation

N_20 The nitrogen accumulated in the enclosed space on site

N_21 The operators on site did not take any measures to ventilate the enclosed space

N_22 The person in charge of the operation on site did not implement safety-related regulations, such as confirmation,
lighting, and supervision

N_23 The person in charge of the operation on site failed to give input on the operation environment and provide caution to
the operators
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Table 2. Cont.

Item Description

N_24 The person in charge of the on-site operation did not confirm the ventilation

N_25 The operators on site did not implement the required risk-prevention measures for the operation in the limited space

N_26 The operator on site did not apply for a permit for the operation procedures

N_27 The person in charge of the operation on site failed to check the operation permit in the limited space before
the operation

N_28 The person in charge of the operation on site did not confirm the implementation of gas detection

N_29 The person in charge of the operation on site did not effectively perform their designated responsibility during
the operation

N_30 The work associated with risk identification before the operation was not performed by the person in charge of
the operation

N_31 The operators on site failed to perform gas testing

N_32 The removing of the “U” pipe containing nitrogen in the enclosed space is usually characterized by high risk, which
was not did not receive due attention from the operators on site

N_33 The risk-prevention measures applicable for the enclosed space were not in place before the operation, and various
potential risks were not effectively identified

N_34 The process guidance documents for the officers in the general assembly department were absent

N_35 The officers in the general assembly department failed to identify all the risks associated with the temporary operation

N_36 The officers in the general assembly department failed to implement the safety-related measures designed for the
holiday season

N_37 The person on duty in the general assembly department did not perform their responsibilities effectively

N_38 The officers in the general assembly department failed to implement the safety training for the temporary operators in
relation to operative environments and the potential risks

N_39 The officers in the general assembly department did not effectively perform their supervision and risk
monitoring responsibilities

N_40 Most of the people involved in the accident were found to have low awareness of the safety-related issues during the
“May 1st” Labor Day

2.2.2. Topology for the CN

The logic relationships among various human-related hazardous events listed in
Table 2 were used to develop a CN. For this purpose, five experts were employed in this
study to determine the logic relationships, whose basic information is summarized in
Table 3. To conduct the expert elicitation, a safety meeting was held, during which the
accident report was introduced. The logic relationships are summarized in Figure 2.

Table 3. Basic information for the experts employed in the present study.

Expert Age Occupation Educational Level Certificate Rank Job Tenure

Expert
1 47 Shipbuilding

engineer
Master of naval

engineering Chief engineer
He has 20 years of experience in shipbuilding and is

responsible for the formulation of plans related to safe
operation in shipbuilding

Expert
2 52 Ship surveyor Doctor of marine

engineering Ship surveyor
He has been engaged in ship risk assessment for nearly

20 years and has participated in the investigation of
many major ship safety accidents

Expert
3 45 Security incident

investigator

Master of Naval
Architecture and

Marine Engineering
Senior captain

He has worked in a shipyard for 15 years and is
responsible for the safety operation of ships and was

recently ranked as senior in ship safety accident analysis

Expert
4 49 Security incident

investigator

Master of Naval
Architecture and

Marine Engineering
Captain

He is ranked as the captain because he has 5 years of
experience in the investigation and analysis of ship

safety incidents
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Table 3. Cont.

Expert Age Occupation Educational Level Certificate Rank Job Tenure

Expert
5 53 Professor in

university

Doctor of Naval
Architecture and

Marine Engineering
Captain

He is a professor employed in a maritime university and
his research interests involve operational safety aspects

in shipbuilding
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2.3. Calculation for the Node Criticality
2.3.1. Basic Criticality Calculation for Nodes within CN

The topology of the CN can be described by the parameters associated with degree
and weight. It is noticeable that the weight-related parameter is equal to 1 in the case
of a single accident report. To implement the topological description for the developed
directed CN, the network is represented as:

G = (V, E) (1)

where V = {v1, v2, ..., vN} and E = {e1, e2, ..., eM} represent the set of nodes and the set of
edges, respectively. In the present study, vi indicates the identified hazardous event, while
ei denotes the logic relationship. Then, an adjacency matrix A is employed to quantitatively
describe G = (V, E), and the elements in the adjacency matrix are determined by:

Aij =

{
aij · wij i→ j

0 else
(2)

where aij(i, j ∈ V) is equal to 1 when vj is triggered by vi, and is zero otherwise. The weight
between the node vi and the node vj is expressed by wij. The meaning of weight is to make
the connection strength between the nodes are quantified. The weight is divided into two
kinds: in-weight and out-weight. In general, the characteristics of the CN are obtained by
node strength and cross-weight and can be determined by the correlation calculation of
the weight.

Tw(i) =Sin(i)+Sout(i) =∑
j∈V

wji+∑
j∈V

wij (3)

Cw(i) =Sin(i) · Sout(i) =∑
j∈V

wji · ∑
j∈V

wij (4)
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Another important parameter for a typical, directed CN refers to the degree of node,
which is defined as the sum of nodes connecting or being connected to the objective node. In
the present study, the degree of the objective node is denoted by d(i). Similarly, the degree
is also divided as in-degree and out-degree, which can be determined, respectively, by:

din(i) = ∑
j∈V

aji (5)

dout(i) = ∑
j∈V

aij (6)

According to the equations expressed in (5) and (6), the in-degree of a node is the total
number of nodes affecting the objective node, and the out-degree of a node refers to the
total number of nodes affected by the objective node. Then, the total degree of the objective
node can be obtained by:

Td(i) = din(i) + dout(i) = ∑
j∈V

aji + ∑
j∈V

aij (7)

The total degree is generally used to evaluate the activeness of nodes within a network
according to graph theory; however, the difference between nodes characterized by the
same total degree cannot be distinguished from the perspective of activeness. Therefore,
the concept of the cross-degree is introduced in this study, which is mainly applied to
distinguish nodes with the same total degree:

Cd(i) = din(i) · dout(i) = ∑
j∈V

aji · ∑
j∈V

aij (8)

In the present study, node criticality was determined by the improved K-shell decom-
position algorithm, which is implemented with the precondition of calculating the basic
criticality as the input for the improved K-shell decomposition algorithm. To calculate the
values of basic criticality for the identified nodes, a group of control equations associated
with degree and weight are proposed here, which are expressed as:

f1(wji, wij) =

∣∣∣∣∣∑j∈V
wji − ∑

j∈V
wij

∣∣∣∣∣ (9)

f2[din(i), dout(i)] = |din(i)− dout(i)| (10)

f3(wji, wij) = ∑
j∈V

wji + ∑
j∈V

wij (11)

f4[din(i), dout(i)] = din(i) + dout(i) (12)

The nodes are generally characterized as critical in case of being valued by larger f3
and f4, and by smaller f1 and f4. However, the ideal values of f1 and f4 cannot be obtained
simultaneously. Therefore, it is essential to search for a balance between f1 and f4. For this
purpose, two balance coefficients are defined as [27]:

Bd(i) =

[
1−

(
din(i)

din(i) + dout(i)
− 0.5

)2
]

(13)

Bw(i) =

1−

 ∑
j∈V

wij

∑
j∈V

wij + ∑
j∈V

wji
− 0.5


2 (14)
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where Bd(i) is the degree balance coefficient, and Bw(i) is the weight balance coefficient.
When the control Equation (10) and cross-strength of the node is considered synthetically,
the weight balance index is defined as:

Ψw(i) = Bw(i) · [Tw(i) + Cw(i)] (15)

The degree balance index is similar to the weight balancing index, which can be
obtained with the cross-degree and control Equation (11):

Ψd(i) = Bd(i) · [Td(i) + Cd(i)] (16)

As a result, the basic criticality of node can be determined by:

ΨB(i) = Ψd(i) ·Ψw(i) (17)

2.3.2. Node Criticality Determination by Improved K-Shell Decomposition Algorithm

In the present study, the aforementioned basic criticality would be considered as the
input of K-shell decomposition algorithm to determine the node criticality. The K-shell
decomposition algorithm is widely applied to analyze the node criticality based on the
topology of the CN [44]. Generally, the basic K-shell decomposition algorithm is applicable
for undirected unweighted networks, and aims to decompose the node set into subsets
based on node centrality [45]. Meanwhile, a layer sequence number ξK is assigned to each
node according to its centrality value in the network and used to assess the criticality of
objective nodes [27]. Nodes assigned larger ξK values are closer to the center of the network,
and nodes assigned smaller ξK values tend to be at the periphery of the network. The
basic K-shell decomposition algorithm can be improved to be applicable for the directed,
weighted CN.

In the present study, the obtained basic criticality of the objective node is considered as
the decomposition function, which is then embedded into K-shell decomposition algorithm,
as a result, the layer sequence number can be determined as:

ΨK(i) = K[ΨB(i)] (18)

According to the principle of the K-shell decomposition algorithm, ΨK(i) is the criti-
cality value of the layer containing the ith node, and the layer sequence number is denoted
by ξK. All the nodes at the same layer are regarded as a set of GξK = (node i|ξK(i) = ξK ).
To distinguish the nodes sharing the same layer sequence number, in the present study,
an iteration factor is introduced into the traditional K-shell decomposition algorithm. As
a result, the improved K-shell decomposition algorithm can be obtained and is expressed as:

ΨKi(i) = ΨK(i) + ΓξK(i) (19)

where ΨKi(i) is the criticality of the objective node, and the iteration factor is represented
by ΓξK(i), which can be obtained by [27]:

ΓξK(i) =

{
(σi−1)

γ · (ΨK+1 −ΨK) node i ∈ GξK , ξK is not the outermost layer
(σi−1)

γ · (ΨK −ΨK−1) node i ∈ GξK , ξK is the outmost layer
(20)

where γ is the number of nodes contained in layer ξK(i), and σi is the order in which node
vi is assigned to layer ξK(i).

According to the improved K-shell decomposition algorithm represented by
Equations (9)–(20), the algorithm is coded and implemented with the application of MAT-
LAB. Then, the criticality for nodes within the CN can be obtained, and the results of all
the nodes in the CN are summarized in Table 4. It is noticeable that the criticality value for
the node coded by “N_19” (personnel suffocation) is marked as 1. Moreover, in this study,
the “N_19” node is regarded as the top event in the BN in the following section.
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Table 4. Criticality values for nodes.

Item Node Criticality Item Node Criticality

N_1 0.1245 N_21 0.0461
N_2 0.1059 N_22 0.3940
N_3 0.0873 N_23 0.3940
N_4 0.8433 N_24 0.3940
N_5 0.3391 N_25 0.6745
N_6 0.0598 N_26 0.5494
N_7 0.1010 N_27 0.5220
N_8 0.5038 N_28 0.3940
N_9 0.0598 N_29 0.6745

N_10 0.4764 N_30 0.3940
N_11 0.3598 N_31 0.0461
N_12 0.3418 N_32 0.4489
N_13 0.9474 N_33 0.4297
N_14 0.2255 N_34 0.5526
N_15 0.2255 N_35 0.5388
N_16 0.9337 N_36 0.5388
N_17 0.9337 N_37 0.8352
N_18 0.9337 N_38 0.5388
N_19 1.0000 N_39 0.5388
N_20 0.5313 N_40 0.8215

2.4. Bayesian Inference
2.4.1. Development of Topology for BN

It is difficult to transfer the CN directly into BN due to the complex logic relationships
in the CN. Therefore, in this study, the HFACS was introduced to connect the CN and the
BN. In detail, the human-related hazardous events involved in the CN were categorized
under the framework of HFACS in the aspects of unsafe acts, precondition for unsafe
acts, unsafe supervision and organizational influences. As a result, in the developed BN,
the human-related hazardous events are considered as the root nodes, the four aspects of
HFACS serve as the middle nodes and the accident is the top node. It is notable that not all
the nodes within the CN can be transferred into the BN as the root nodes.

To develop a BN, the human-related hazardous events listed in Table 2 were first
categorized according to the principle of HFACS model. Under the framework of HFACS,
all the human-related factors contributing to the accident are summarized in the aspects of
unsafe acts, precondition for unsafe acts, unsafe supervision and organization influence. In
the present study, those nodes characterized by the least 10 importance are deleted for the
establishment of the BN, and the results are summarized in Table 5.

Table 5. HFACS framework for the identified hazardous events.

Aspect Contents

Unsafe acts (UA) N_8, N_20, N_22, N_23, N_24, N_25, N_26, N_27, N_28, N_29, N_30, N_32

Precondition for unsafe acts (UP) N_5, N_33, N_40

Unsafe supervision (US) N_4, N_16, N_17, N_18, N_34, N_35, N_36, N_37, N_38, N_39

Organizational influence (OI) N_10, N_11, N_12, N_13, N_14

According to the category illustrated in Table 5, the “N_19” node (personnel suffoca-
tion) is regarded as the top node in the BN; the four aspects of HFACS are considered as the
intermediate nodes; and the nodes contributing to every aspect of the HFACS are set as the
root nodes. As a result, the basic framework of the BN is developed as shown in Figure 3.
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2.4.2. Determination of Probability Distribution for Nodes within BN Based on Criticality

The basic principle for Bayesian inference is presented in [23]. In the present study,
all the nodes within the BN are considered as simulation nodes rather than discrete nodes.
Therefore, the traditional conditional probability tables for the middle nodes are presented
as the continuous probability distribution functions. Additionally, the probability distri-
bution of all the nodes needed for the BN simulation in this study are determined with
reference to [42]. It is assumed that the probability distribution of all the nodes, including
the root nodes, intermediate nodes and top-level nodes, obeys the normal distribution. For
the root nodes, the mean value of probability distribution can be calculated by normalizing
the maximum value of the criticality for the root nodes, which is expressed as:

PKi(i) =
ΨKi(i)

Max(ΨKi)
(21)

where ΨKi(i) denotes the node criticality, and ΨKi(i) can be valued according to the algo-
rithms proposed in Section 2.3. For the intermediate nodes within the BN, the mean values
of probability distribution can be obtained on the basis of probability distribution of the
parent nodes contributing to the objective intermediate node, which is expressed as:

χ(j) = ∑ ωKi(i)·Λ(i) (22)

where Λ(i) denotes the sampling value of parent nodes directing to the jth intermediate
node. In the present study, Λ(i) refers to the mean value of the probability distribution for
the ith node. The weight of ith root node is represented by ωKi(i) that can be calculated by:

ωKi(i) =
ΨKi(i)
∑ ΨKi

(23)

Similarly, the mean value of probability distribution for the top nodes can be calculated
by the following equation:

Ω(t) = ∑ λKi(j) · χ(j) (24)

where λKi(j) denotes the weight of the intermediate node, and can be calculated by the
following equation:

ωKi(j) = ∑
i∈j

ΨKi(i)
∑

i∈R
ΨKi(i)

(25)

(1) Determination of probability distribution for root nodes:

According to the methodology proposed here, the prior probability for root nodes
can be determined on the basis of the node criticality. In the present study, the prior
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probability distribution of the root nodes is assumed to be normal distribution, which can
be expressed as:

Fi ∼ N(Pi, σ) (26)

where Fi is the prior probability distribution of the ith root node, and Pi denotes the mean
value of the probability distribution, which is valued as the node criticality presented in
Table 4. The variance of normal distribution is donated by σ, which is determined as one-
third of the mean value according to the principle of 3σ (standard deviation). According
to Equation (26), the prior probability distribution for the root nodes in the BN can be
obtained, and the results are summarized in Table 6.

Table 6. The criticality and probability distribution for root nodes.

Node Criticality
Normal Distribution

Node Criticality
Normal Distribution

Mean Variance Mean Variance

N_4 0.8433 0.8901 0.2967 N_25 0.6745 0.7120 0.2373
N_5 0.3391 0.3579 0.1193 N_26 0.5494 0.5799 0.1933
N_8 0.5038 0.5318 0.1773 N_27 0.5220 0.5509 0.1836
N_10 0.4764 0.5028 0.1676 N_28 0.3940 0.4158 0.1386
N_11 0.3598 0.3797 0.1266 N_29 0.6745 0.7120 0.2373
N_12 0.3418 0.3608 0.1203 N_30 0.3940 0.4158 0.1386
N_13 0.9474 1.0000 0.3333 N_32 0.4489 0.4738 0.1579
N_14 0.2255 0.2380 0.0793 N_33 0.4297 0.4535 0.1512
N_16 0.9337 0.9855 0.3285 N_34 0.5526 0.5832 0.1944
N_17 0.9337 0.9855 0.3285 N_35 0.5388 0.5687 0.1896
N_18 0.9337 0.9855 0.3285 N_36 0.5388 0.5687 0.1896
N_20 0.5313 0.5608 0.1869 N_37 0.8352 0.8816 0.2939
N_22 0.0461 0.4158 0.1386 N_38 0.5388 0.5687 0.1896
N_23 0.3940 0.4158 0.1386 N_39 0.5388 0.5687 0.1896
N_24 0.3940 0.4158 0.1386 N_40 0.8215 0.8671 0.2890

(2) Determination of probability distribution for intermediate nodes and the top node:

The conditional probability distribution for the child nodes (intermediate nodes and
the top node) in the developed BN can be determined based on the algorithm proposed
in this section. Specifically, the probability distribution of the root nodes listed in Table 6
is set as the input for Equations (21)–(25). Then, the probability distribution for the four
intermediate nodes and the top node can be determined, which is the function of the
probability distribution of the root nodes, as shown in Table 7. It is notable that the
probability distribution expressions presented in Table 7 can be then entered directly into
the software of AgenaRisk for the simulation of BN.

Table 7. Probability distribution expression for intermediate nodes and the top node.

Node Probability Distribution Expression

UA 0.1148 × N_25 + 0.0935 × N_26 + 0.1148 × N_29 + 0.0904 × N_20 + 0.0888 × N_27 + 0.0858 × N_8 +
0.0764 × N_32 + 0.0671 × N_22 + 0.0671 × N_23 + 0.0671 × N_24 + 0.0671 × N_28 + 0.0671 × N_30

UP 0.5166 × N_40 + 0.2702 × N_33 + 0.2132 × N_5

US 0.1299 × N_16 + 0.1299 × N_17 + 0.1299 × N_18 + 0.1173 × N_4 + 0.1162 × N_37 + 0.0769 × N_34 +
0.0750 × N_35 + 0.0750 × N_36 + 0.0750 × N_38 + 0.0750 × N_39

OI 0.4030 × N_13 + 0.2026 × N_10 + 0.1530 × N_11 + 0.1454 × N_12 + 0.0959 × N_14

Personnel suffocation UA × 0.3455 + UP × 0.0935 + US × 0.4227 + OI × 0.1383
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3. Results and Discussion
3.1. Results
3.1.1. Topology Analysis of CN

According to the calculation principle for the degree and weight described in Section 2.3,
the degree distribution and weight distribution can be discussed according to [44]. In
the present study, the weight is set as 1 because the analysis sample is limited to a single
accident report; therefore, the topology analysis for the developed CN is limited to the
degree distribution. According to [44], the degree of each node in the developed CN can
be determined. Following this, the frequencies for the in-degree and out-degree can be
plotted, as illustrated in Figure 4.
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The phase diagram of Figure 4b is essentially the projection of Figure 4a along the Y–Z
axis. Based on the contents of Figure 4, the in-degree and out-degree of most nodes are less
than 4, and the number of nodes with din = 2, dout = 2 is found to be larger than other
nodes. In addition, some nodes illustrated in Figure 4 are supposed to receive significant
attention. For instance, the nodes with large in-degree are characterized by being caused
or affected easily, which indicates that these nodes are difficult to control; meanwhile, the
nodes with large out-degree are capable of affect other nodes easily, which shows that these
nodes are important in improving the safety level. To distinguish the nodes with different
in-degree and out-degree, the degrees for the nodes involved in the CN are then calculated,
and the results are illustrated in Figure 5.

3.1.2. Belief Propagation Analysis

According to [46], the belief propagation analysis of Bayesian inference usually con-
tains forward-propagation and backward-propagation analysis. The forward-propagation
analysis is mainly aimed at investigating the influence of parent nodes on their child nodes,
while the backward-propagation analysis focuses on the sensitivity of the parent nodes to
their child nodes, which is implemented by updating the probability distribution of the
parent nodes by setting their child nodes as “evidence”. In the present study, the criticality-
based values are utilized to assess the human-related factors involved in the accident, and
the higher values of a node, the more important the objective factors. The results presented
in Figure 6 are set as the base for comparison, which can be found in Table 8. According to
the results of criticality evaluation summarized in Table 4, the nodes with largest criticality
value within each category of human-related factor under the framework of HFACS are
selected as the given evidence for the backward-propagation analysis. As a result, these
nodes coded by “N_13”, “N_16”, “N_17”, “N_18”, “N_25”, “N_29” and “N_40” were
selected as the given evidence in the present study. Then, different risk scenarios are devel-
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oped by decreasing the criticality values of these selected nodes by 50% one by one, and
the different scenarios are summarized in Table 8. Subsequently, the various risk scenarios
are simulated by the developed BN on the software of AgenaRisk, and the variations in the
node of “personnel suffocation” and the four aspects of HFACS are presented in Table 8.
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Table 8. Different scenarios for propagation analysis.

Scenario Criticality
( ↓ 50%) UA UP US OI Personnel

Suffocation

Base — 0.538 0.646 0.806 0.638 0.675
1 N_25 0.497(↓) 0.646 0.806 0.638 0.661(↓)
2 N_29 0.497(↓) 0.646 0.806 0.638 0.661(↓)
3 N_40 0.538 0.415(↓) 0.806 0.638 0.654(↓)
4 N_16 0.538 0.646 0.743(↓) 0.638 0.649(↓)
5 N_17 0.538 0.646 0.743(↓) 0.638 0.649(↓)
6 N_18 0.538 0.646 0.743(↓) 0.638 0.649(↓)
7 N_13 0.538 0.646 0.806 0.440(↓) 0.648(↓)

Note: ↓ indicates the reduction of a certain variable value in the specific scenario compared with the value in the
base case.

3.1.3. Sensitivity Analysis

The sensitivity analysis was implemented in the present study to quantify the sensitiv-
ity of the identified human-related hazardous events to the personnel suffocation accident
using the backward-propagation analysis of the developed BN. During the sensitivity
analysis, the top event, which refers to the personnel suffocation, was set as the given
evidence, and the developed BN was simulated with AgenaRisk. In the present study,
sensitivity nodes were selected according to the node criticality, and the top ten root nodes
were considered as the sensitivity nodes for the sensitivity analysis. The mean value of
the target node (referring to personnel suffocation) was selected to indicate the summary
statistics. Finally, the results of the sensitivity analysis are presented by the tornado graph,
which is illustrated in Figure 7. The criticality of the selected nodes is larger than 0.5526,
and some nodes share the same criticality, such as “N_16”, “N_17” and “N_18”. According
to the basic principle of the sensitivity analysis, the sensitivity level of the nodes is rep-
resented by the length of the blue bars illustrated in Figure 7. The longer the blue bar is,
the more sensitive the objective node is, and the nodes characterized by high sensitivity
would be paid much attention to improve the safety management system to prevent the
similar accidents.
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In the present study, the sensitivity analysis was implemented to investigate the
sensitivity of the intermediate nodes which were set as the sensitivity nodes, while the top
event was again regarded as the target node. The results are shown in Figure 8 in the form
of a tornado graph, which was obtained by simulating the developed BN with the mean
value of the top node criticality representing the summary statistics.
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3.2. Discussion

In the aspect of the topology of the CN, according to Figures 4 and 5, it is clear that the
node of “N_25” is valued as the maximum in terms of in-degree, which indicates that the
risk-prevention measures taken by the operators on site should have been supervised and
instructed by many other stakeholders. In addition, the node of “N_13” can be observed as
the maximum in terms of out-degree, and it can be reasonably inferred that the supervision
of the operators on the site of the shipyard is critical for accident prevention. Moreover,
most operators on site in the shipyard are affiliated with subcontractors, which has been
identified as a primary risk according to [12]. In addition, it can also be seen that the safety
culture, especially during the holiday season, is essential for safety, which is proved by
the second largest out-degree of “N-40”, which is similar with the study conducted by the
authors of [12]. In their study, the lunch effect attenuated the concentration of the operators
on-site, and the holiday effect also functioned by a similar principle.

The results of belief propagation analysis summarized in Table 8 can be utilized to
assess the sensitivity of the human-related hazardous events for the suffocation accident.
Taking the comparison of the base and scenario 1 as an example, the status of UA would
decrease from 0.538 to 0.497 in the case of lowering the node criticality of “N_25” by
50%, which would subsequently cause the change of the top event by 2.1% (from 0.675 to
0.661). According to the above-mentioned principle of the improved K-shell decomposition
algorithm, the decrease in the node criticality indicates that the corresponding node would
be less active in the network. According to the contents in Table 8, the influence of “N_13”
on the top event is the most obvious, which would lower the probability of the “personnel
suffocation” by 4.0%. Meanwhile, the node of “N_13” is also identified as the most active
node in terms of out-degree discussed in Section 3.1.1. Therefore, the performance of the
shipyard’s supervision of the operators, strictly implementing the safety management
system, is essential for safe operation, which was identified as the most important factor in
the field of OI (organization influence under the framework of the HFACS). Similar advice
was presented in [12] for ensuring a safe work environment. The second most influential
nodes coded by “N_16”, “N_17” and “N_18” would lower the probability of personnel
suffocation by 3.9%, all of which are categorized as US (unsafe supervision). Even though
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it is difficult to distinguish these nodes in terms of their influence on personnel suffocation,
the correlation between these nodes and the personnel suffocation accident can be observed
according to the results summarized in Table 8, which indicates that the superintendents
and the officers of the operation department are critical to the supervision procedures
on site. The last influential nodes presented in Table 8 were found to be “N_25” and
“N_29”, both of which are categorized as UA (unsafe acts), which implies the concentration
of unsafe acts from operators in controlling and managing human-related risk factors is
difficult to improve the safety level.

In the aspect of sensitivity analysis, according to the tornado graph illustrated in
Figure 7, the top three sensitive nodes coded by “N_16”, “N_17” and “N_18” are associated
with the superintendents and officers in the civil marine project affiliated with the shipyard,
especially the risks which occur in relation to the supervision by superintendents and
officers of the operators run by subcontractors. Actually, the ILO identified the contracting
service of subcontractors as one of main hazards in shipyard operations, and supervision
for risk-prevention measures should be implemented at regular intervals [6]. It is interest-
ing to find that, even though the three most sensitive nodes share the same criticality, the
sensitivity level of N_18 is slightly lower than that of “N_16” and “N_17”, which indicates
that the identification and prevention of the risks associated with the planned operation
on-site are more important than the management for the potential risks associated with the
similar operation, although the latter is also important in the safety management system.
In addition, the sensitivity of the node coded by “N_13” is ranked behind that of the nodes
of “N_16”, “N_17” and “N_18”, even though the hazardous event denoted by “N_13”
(shipyard failed to supervise operators on-site to implement strictly the safety management
system) is regarded as being active in the developed CN. It is also noticeable that the
absence of risk-prevention measures taken by the operators on-site coded by “N_25” is
characterized by high in-degree and low sensitivity level, which indicates that the human-
related risk management should focus on the causation for “N_25”, such as “N16” and
“N_17”. It can be observed that the unsafe supervision coded by US in Figure 8 is found as
the most sensitive node for the personnel suffocation, which implies the well-implemented
safety management system is essential for the operation on-site. The similar conclusions
were obtained by Fragiadakis et al., who argued that “bad information of subcontractors
about safety rules” played a key role in shipyard injury accidents [13]. Therefore, the
supervision for the operators from subcontractors is an effective way to maintain safe
operations in a shipyard. The sensitivity level of US is followed by UA, which can be
interpreted as the initial causation for the personnel suffocation in the unsafe actions of
operators on site. However, the unsafe actions of the operators were not identified as
the most active or sensitive events in the present study, which indicates that the conse-
quences caused by the unsafe acts of the operators can be eliminated by the supervision
or monitoring arrangements which followed. In addition, according to the contents of
Figure 8, the organizational influence (coded by OI) is less sensitive than that of unsafe
supervision and unsafe acts based on the accident report, and the difference in terms of
sensitivity level between US and OI is as high as 3.17 times; therefore, much more attention
should be paid to the factors involved in unsafe supervision rather than factors related to
organizational influence. Finally, the least sensitive aspect under the HFACS framework is
the preconditions for unsafe acts (UP) which is valued as 0.355, which is followed by the
OI with the sensitivity value of 0.487. The sensitivity difference between UP and OI is not
considerable for the case in this study, which indicates that the external environment has
little influence on the occurrence of the personnel suffocation accident.

Overall, the following lessons can be obtained from the case study:

(1) The significance of “N_13” (shipyard failed to supervise the operator on site) was
identified by the proposed methodology in relation to risk propagation based on the
perspective of the CN analysis. Therefore, the effective supervision of the shipyard
operators on site may be able to intercept risk propagation, despite the occurrence of
unsafe acts.
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(2) The human-related hazardous events coded by “N_16”, “N_17” and “N_18” were
identified as the most sensitive events for the occurrence of the personnel suffocation
accident case study, which indicates that the superintendents or managers of the
operators were essential for the safety of the operation. Therefore, an important lesson
can be learned: superintendents or managers must pay attention to the behaviors of
operators on site.

(3) Another important lesson learned from the personnel suffocation case study is that
the focus of safety management or causation investigations should emphasize un-
safe supervision instead of the traditional perspective, which focuses on the unsafe
acts of operators. Unsafe acts are inevitable without well-implemented supervision.
The consequences stemming from unsafe acts can be eliminated by well-designed
supervision, which was reflected in the first lesson.

4. Conclusions

The present study proposes an innovative methodology to bridge the CN and the BN
on the basis of an event tree analysis under the HFACS framework. This methodology
quantitatively assesses the human-related hazardous events involved in maritime accidents.
For this purpose, a personnel suffocation accident on board a ship was selected as a case
study, and the ETA was applied to identify the human-related hazardous events according
to the accident report. Then, the logic relationships among the identified hazardous events
were mapped into an event tree. As a result, the CN was developed. The improved K-shell
decomposition algorithm was subsequently proposed to quantify the criticality of the nodes
contained in the developed CN. Meanwhile, the framework of the BN was established
under the framework of the HFACS with reference to the results of the criticality evaluation.
To implement the Bayesian inference, the criticality of the root nodes was used to determine
their prior probability distribution with the assumption of the normal distribution. The
conditional probability distribution for other nodes in the BN can be also determined
on the basis of the probability distribution of the root nodes. Finally, the developed BN
was simulated in AgenaRisk, by which the scenarios were simulated, and the sensitivity
analyses were implemented.

The advantages of the proposed methodology are mainly characterized by its elim-
ination of the traditional potential bias. This is due to the expert elicitation and our
compensation of the constraints of the ETA, without considering the logic relationships
among hazardous events. However, the performance of the proposed methodology can
be improved by further study in the near future. For instance, the logic relationships
among hazardous events can be described in greater detail by a more effective method to
aggregate the expert elicitation rather than the safety meeting which was adapted in the
present study. In addition, the performance of the proposed methodology can be verified
by the implementation of numerous accident reports associated within the industry in the
near future.
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