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Escort operation is an effective mean to ensure the safety of ship navigation in the
Arctic ice area and expand the window period for ship navigation. At the same
time, the operation mode between icebreaker and escorted ship may also causes
collision accident. In order to scientifically reflect the complex coupling
relationship in the escort operation system in Arctic waters and effectively
manage the navigation risks. This study proposes to use the functional
resonance analysis method (FRAM) to identify the risk factors of ship escort
operation in Arctic waters, and uses the Bayesian network (BN) method to
establish a risk assessment model for escort operation collision accident. The
cloud model is used to process the uncertain data information. The proposed
method is applied during the actual escort operation of a commercial ship on the
Arctic Northeast Passage. According to the model simulation results, the risk
performance of ship escort operation in Arctic waters is quantitatively analyzed,
and the key risk causes are further analyzed. This study has positive significance
for better understanding the risk evolution mechanism of ship escort operation in
Arctic ice area and helping relevant management departments to take risk
control measures.

KEYWORDS

risk performance, functional resonance accident model, Bayesian network, cloud
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1 Introduction

The shipping industry undertakes the transportation of most commodities in the
world’s foreign trade and has made great contributions to the industrial development of
countries around the world (Otheitis and Kunc, 2015; Lenzen et al., 2023). In recent years,
people have been seeking more economical and convenient ways of maritime
transportation. The opening of the Arctic route has brought new opportunities for the
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development of the world’s shipping industry (Ryan et al., 2021).
The Arctic route has greatly shortened the transportation distance
from Asia to Europe, more and more commercial ships have begun
to try to use the Arctic route for ocean-going cargo transportation.
Due to the influence of extreme natural phenomena such as sea ice
and strong winds in Arctic waters, there are great safety issues in
conducting commercial navigation in Arctic waters. In order to
ensure the safety of ships in Arctic waters, most ships will choose
icebreaking escort services during navigation in the Arctic ice area.
Under the leadership of icebreakers, ordinary commercial ships
pass through the ice area by following, which greatly improves the
navigation safety level of ships in the Arctic ice area (Zhang et al.,
2017). However, in this operation mode, how to effectively avoid
collisions between icebreaker and escorted ship becomes the key to
escort operation. Therefore, it is necessary to introduce new theories
and methods to scientifically analyze and manage the collision
accident risk during escort operation in Arctic waters.

For the escort operation in Arctic waters, it consists of a series of
operational tasks, and there exists a complex spatial and temporal
correlation between different tasks, which is a typical complex system.
Process safety is a commonly used safety analysis method in the
industrial field. It emphasizes that the occurrence of a dangerous
event will not only affect the current situation, but also the safety of
the next link and subsequent processes. It is often used to analyze
systemic risks (Amin et al., 2019; Behari, 2019). When quantitatively
analyzing the risk of collision accident in ship escort operation in
Arctic waters, it is necessary to combine the analytical ideas of process
safety, introduce relevant complex system theoretical methods,
characterize the complex coupling relationship in the ship escort
operation system in Arctic waters, and clarify the law of changes in
the navigation risks of ships during escort operations.

In order to scientifically analyze the complex coupling mechanism
and risk quantification characteristics of ship escort operation in Arctic
waters, this study proposes to combine the functional resonance
analysis method (FRAM) with the Bayesian network (BN) to
establish a quantitative analysis model for the collision accident risk
of ship escort operation in Arctic waters, and adopts the cloud model
(CM) for uncertain information processing to quantitatively analyze
the risk of escort operation in specific scenarios.

This study is organized as follows. Section 2 analyzes and
summarizes the current research status. Section 3 describes in
detail the proposed method for quantitative analysis of collision
accident risks of ship escort operation in Arctic waters. Section 4
applies the proposed method in combination with the specific
scenario of ship escort operation in Arctic waters. Section 5
discusses the methods and results proposed in this study. Section
6 is the conclusion of this study.

2 Literature review

2.1 Ship escort operation risk in
Arctic waters

As seasonal navigation in Arctic waters becomes a reality, the
issue of ship navigation risks has received a lot of attention (Khan
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et al., 2020; Yao et al., 2024; Kandel and Baroud, 2024). In order to
effectively expand the navigation window in Arctic waters,
icebreaker escort operation has become a common mean (Moe
and Brigham, 2017; Zhang et al., 2018). Relevant studies on the ship
escort operation risks in Arctic waters has continued to increase.
Zhang et al. (2019a) analyzed the safety risks of ship formation
operations from the perspective of safe distance and speed in the
multi-ship following mode of escort operations in Arctic ice area. Fu
et al. (2022) combined failure mode and effects analysis (FMEA)
and FRAM to simulate the evolution of ship traffic accident
scenarios in Arctic waters, and further evaluated the changes in
the probability of navigation risks of nuclear-powered icebreakers
in Arctic waters under independent navigation and escort operation
modes. Xu and Kim (2023) established a hybrid causal logic model
for ship-ship and ship-ice collision accidents in Arctic waters and
conducted a quantitative evaluation of the risks of collision
accidents. Xu et al. (2023) used ship networking technology to
develop an intelligent micro-model to analyze the stability of ship
formations based on the movement trend and sea ice conditions of
ship formations in Arctic waters to ensure the safety of ship
formation operations in Arctic waters. Zhu et al. (2024) identified
the risk factors affecting ship escort operations in Arctic waters
from the perspective of complex system theory, and combined
the BN analysis method to predict and analyze the risk
characterization of escort operations. According to the current
research status, compared with the study of navigation risk under
the state of independent navigation of ships, escort operations
need to consider traffic accidents between ship formations under
the coordinated navigation of multiple ships. Due to the
complexity of the task of escort operations in Arctic waters, in
the research related to the risk of escort operations in Arctic
waters, relevant methods suitable for complex system analysis are
often used to analyze the causes of accidents (Fu et al., 2022; Zhu
et al., 2024).

2.2 FRAM method for risk analysis

When analyzing the risk of ship navigation, a combination of
qualitative and quantitative analysis is often used. FRAM can
effectively explain the deep logic of complex system accidents by
analyzing system functions and focusing on the changes and
coupling relationships of system functions when accidents occur,
and is widely used in risk factor identification and correlation
analysis (Tian et al,, 2016; Li et al., 2019; Yousefi et al.,, 2019; Ma
etal., 2023). Franca and Hollnagel (2023) used FRAM to model and
analyze human factors in accidents when analyzing production
accidents in the industrial field, and analyzed the main human
factors affecting process safety. Liu et al. (2024a) combined FRAM
and reinforcement learning to construct an emergency plan for
blowout accidents, in which FRAM was used to simulate the
emergency response process. Yu et al. (2024) analyzed the
functions related to maritime accidents based on the maritime
accident investigation report for grounding accidents in Arctic
waters, and constructed a FRAM model to analyze the functional
resonance of accidents. Zheng et al. (2024) designed a FRAM model
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consisting of four stages: understanding, designing, analyzing, and
enhancing the response process, to provide a decision-making basis
for emergency response to fuel storage accidents.

Ship navigation operations are a complex social system. Water
traffic accidents have the characteristics of low probability and
serious consequences, and the causes of accidents are often
difficult to clarify. FRAM is suitable for analyzing the causes of
complex system accidents and has been widely used in the study of
water traffic accident risk analysis (Lee et al., 2020; Salihoglu and
Besikci, 2021). The Arctic waters are well known for their harsh
navigation environment (Abbassi et al., 2017; Yao et al., 2022; Li et
al., 2023b). Ship escort operations increase the complexity of
operational tasks in such harsh environments. FRAM can help
analyze the occurrence process of escort operations in Arctic waters
and clarify the complex interaction relationship between system
modules when accidents occur.

2.3 BN risk quantification method

The BN analysis method can effectively integrate various risk
factors and carry out BN reasoning by combining various subjective
and objective data information. It is widely used in the quantitative
reasoning of ship navigation risks (Baksh et al., 2018; Zhang et al.,
2019; Zhang et al., 2019b; Xu and Kim, 2023; Li et al., 2024). BN
analysis methods have also been widely used in the quantitative
analysis of ship navigation risks in Arctic waters. Vanhatalo et al.
(2021) combined AIS data, satellite data, and accident data to
predict the probability risk of ship ice entrapment accidents in
the Arctic ice zone using the BN modeling method. Wang et al.
(2022) collected relevant data sets and conducted a quantitative
analysis of environmental risks on the Arctic Northwest Passage
based on the establishment of a dynamic BN risk assessment model.
Fu et al. (2023) used an object-oriented Bayesian network (OOBN)
analysis method to quantitatively analyze the risks of multi-type
ship traffic accidents in the Arctic ice area. Afenyo et al. (2023)
proposed a hybrid method based on the Bayesian loss function to
evaluate the losses caused by oil spill accidents in Arctic waters. Liu
etal. (2024b) quantitatively analyzed the propagation mechanism of
the Arctic navigation network under uncertain interference based
on a data-driven BN model and proposed corresponding resilience
enhancement strategies.

In the quantitative analysis of ship navigation risks, the uncertainty
information band has a great impact on the quantification of risks
(Nguyen et al, 2021). Due to the particularity of the navigation
environment in Arctic waters, these uncertainties are more intense.
The advantage of the BN analysis method is that it can integrate multi-
source and multi-category information, and can perform network
reasoning on a few basis. In addition, the Bayesian analysis method
mostly adopts the form of network reasoning, which can effectively
reflect the correlation between risk factors of complex systems.
Therefore, it is appropriate to use the BN analysis method for
various uncertainties in the risk quantitative analysis of ship escort
operations in Arctic waters.
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2.4 Cloud model for uncertain information

Since the risk factors affecting the occurrence of ship traffic
accidents are diverse, many of which often have no direct data
source, information uncertainty is the main obstacle to the
quantification of ship navigation risks. In the process of
quantifying uncertain information, cloud model is an uncertain
artificial intelligence method that can realize the conversion
between qualitative judgment and quantification, and has received
extensive attention from relevant scholars in recent years (Peng
etal, 2017; Ma et al., 2022). Wang et al. (2015) proposed a decision-
making method based on cloud model for multi-criteria decision-
making problems with unknown decision-makers’ weights. Guo
etal. (2020) proposed a comprehensive evaluation method based on
cloud model for the randomness and fuzziness of subjective
information, which realized the simultaneous consideration of
randomness and fuzziness in the process of quantification of
subjective information. Cloud model has also been widely used in
the study of water traffic accident risks. Wu et al. (2019) combined
Markov chain and cloud model to quantitatively reason about the
process risk of bauxite ships during maritime transportation. Liu
et al. (2020) developed a ship collision accident risk reasoning
system based on cloud model for the risk of ship collision accidents.
Li et al. (2023a) used cloud model to quantify the uncertainty
information in the evolution characteristics of the Maritime
Autonomous Surface Ship navigation risk. Xi et al. (2024)
integrated evidence theory and cloud model to fuse multi-source
subjective information when analyzing human operational errors
during ship icebreaking escort operations in Arctic waters. It can be
seen that since cloud model can handle uncertain information with
fuzziness and randomness, it is suitable for quantitative analysis of
the uncertainty in ship navigation risks.

2.5 Contributions of this study

Ship escort operation in Arctic waters is a special operation
mode. During the escort operation, the risk factors affecting
different operation links are different, and there are complex
coupling relationships between risk factors. These unique
characteristics bring a series of new challenges to understanding
the random phenomenon of system risks caused by the dynamic
changes of risk factors and to quantitatively analyze the risks of
escort operation processes. This study uses a system analysis
method to analyze the dynamic behavior and nonlinear coupling
effects in the process risks of complex technical systems in escort
operations in Arctic waters. By introducing FRAM into escort
operation in Arctic waters, key events or factors affecting the risks
of escort operations are identified. Based on the network topological
relationship between the risk factors of escort operations in Arctic
waters, the cloud model is used to quantify the uncertain
information, and the BN analysis method based on conditional
probability reasoning is used to achieve quantitative analysis of
escort operation process risks.
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3 Methodology

3.1 A hybrid approach for escort operation
risk assessment

The main framework of the risk assessment method for escort
operation in Arctic waters proposed by this study is shown in
Figure 1. In this method, the complexity analysis method FRAM is
used to identify risk factors, and the BN analysis method is used to
establish a risk assessment model. For the uncertain information in
the risk factors, the cloud model is proposed to achieve quantitative
processing of subjective information. The main contents of the
proposed method are divided into the following three steps.

1. By analyzing the main behavioral characteristics of the
escort operation system composed of icebreaker and
escorted ship, the escort operation system is converted
into multiple functional modules. The characteristics of
each functional module are described from six aspects: I, O,
C, P, R, and T. By analyzing the main factors leading to
functional failure, the failure links between functional
modules are determined, and the functional failure
network diagram is completed by combining chain
connections. In-depth analysis of each functional module
is carried out to find out the potential key risk factors that
lead to accident.

. According to the risk factors identified by the FRAM
model, with the help of expert knowledge or reference to
other literature, the influence relationship between risk
factors is judged. With risk factors as network nodes, the
influence relationship between factors forms directed edges,
and the risk assessment BN structure is preliminarily

10.3389/fmars.2024.1499231

constructed. On this basis, according to the type of each
node in the BN, the model input required for each risk
factor is judged as a priori probability table or conditional
probability table.

. For the model input required for each risk factor in the risk
assessment BN model, it is judged whether it has an
objective data source. For risk factors with direct data
sources, their prior probability tables are obtained
through probability statistics. For risk factors without
direct data sources, the cloud model is used to quantify
expert knowledge, thereby further obtaining its prior
probability table. On this basis, the BN reasoning is used
to quantitatively assess the risk of escort operation collision
accident in Arctic waters.

3.2 Escort operation risk in Arctic waters

The risk of ship navigation is often understood as a
combination of the possibility of a ship traffic accident and
the severity of the accident consequences. In the research
related to the risk assessment of ship navigation in polar
waters, the probability of a certain type of accident is often
quantitatively inferred (Afenyo et al., 2021). This probabilistic
risk assessment method has been widely used. Escort operation
in Arctic waters is a formation consisting of an icebreaker and a
following escorted ship. During the escort operation, collision
accident between ship formations is the main threat faced
during navigation. The risk of collision accident is often
caused by the complex coupling of multiple risk factors (Khan
et al., 2020), which can be expressed by Equation 1. How to

The proposed risk assessment method for escort operation in Arctic waters

FRAM-based identification of risk factors
for escort operation in Arctic waters

FIGURE 1
Methodology framework.
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Collision risk assessment during escort
operation in Arctic waters

Is it possible to directly obtain
objective data?
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objectively reflect the complex correlation between risk factors
and use quantitative analysis methods to evaluate the risk of
collision accidents between ship formations is the key issue to be
solved in this study.

R=R, ®R,®--®R, (1)

3.3 FRAM method

FRAM is a method for describing and analyzing the functions
and activities of socio-technical systems based on the perspective of
functional resonance (Patriarca et al., 2017; Kim and Yoon, 2021).
In the process of using FRAM for accident investigation and risk
assessment, the focus is mainly on the connection between the
subcomponents of the system. The system is often decomposed into
multiple functional modules for identification and analysis, which is
conducive to the positive control of system safety. The functional
modules of FRAM are generally represented in the form of
functional hexagons, representing six aspects of information:
input (I), output (O), control (C), premise (P), resource (R) and
time (T). These aspects of information are connected using chains
according to the specific situation of the system to complete the
construction of the FRAM model.

Safety-II focuses on the safety of the system and emphasizes
how to make the system safer through various measures. As a
system method from the Safety-II perspective, FRAM not only
analyzes the complex nonlinear coupling between system functional
modules, but also emphasizes the internal changes of the system
based on human, technical and management factors, and can
achieve good phenomenon expression. When using FRAM to
analyze the collision accident risk of escort operations in Arctic
waters, the construction of the FRAM model mainly follows the
following steps.

1. Identify and describe the basic functions of the system. For the
ship escort operation system in Arctic waters, it is converted
into multiple functional modules through analysis. From the
functional characteristics of I, O, C, P, R, and T, the
characteristics of each functional module and the relationship
between the functions are further described.

. Analyze the potential changes of each functional module of
the system. Analyze the main factors that may cause
functional failure from the two aspects of the system
inside and outside.

. Draw a functional failure network diagram. Analyze the
coupling relationship between the functional modules of
the ship escort operation system in Arctic waters,
determine the failure links, and complete the drawing of
the functional failure network diagram by combining the
chain connection.

. Analyze the cause of the accident. Combined with the
functional failure network diagram, deeply analyze each
functional module to find out the key risk factors leading to
collision accidents in Arctic waters escort operation.
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3.4 BN analysis method

A BN structure is a directed acyclic graph consisting of variable
nodes and directed edges. It can intuitively reflect the causal
relationship between factors, and can perform network learning
and reasoning under limited information. It is often used to assess
and predict the risk of ship traffic accidents (Sakar et al., 2021;
Basnet et al., 2023). In the process of constructing a BN model, once
the nodes, directed edges, and probability tables are determined, the
BN model is established.

When constructing the BN model of escort operation collision
accident risk in Arctic waters, the risk factors that affect the
occurrence of accident represent nodes, and the coupling
relationship between risk factors is represented by directed edges.
The relationship strength between nodes is represented by a
conditional probability table. Nodes without parent nodes need to
use a bright probability table to express information. In this study, the
nodes and directed edges in the BN can be obtained through the
constructed FRAM model. The conditional probability table is
generally obtained through logical judgment. The prior probability
table often needs to be obtained through statistical calculations based
on the objective discrete data set of risk factors. However, in practice,
some risk factors often have missing data. Expert knowledge is the
main means to make up for the missing data, but it is often necessary
to use certain methods to convert subjective information into
objective data information (Chen et al., 2022).

3.5 Cloud model

The cloud model is often used for the quantitative processing of
uncertain information. It can complete the conversion between
qualitative concepts and quantitative data. The cloud model uses
three characteristic quantities: expectation (Ex), entropy (En) and
hyperentropy (He) to express the randomness and fuzziness of
qualitative concepts, and overall reflects the quantitative expression
of qualitative concepts (Li et al, 2022). Among them, the
mathematical expression of Ex is shown in Equation 2, which is
similar to the concept of mean and represents its concentration. X;
represents the subjective evaluation value of the expert on the
uncertain information. »n represents the number of evaluation
values. The mathematical expression of En is shown in Equation 3,
which represents the uncertainty of the target of interest. The larger
its value, the wider the cloud droplet. The mathematical expression of
He is shown in Equation 4, which represents the discreteness of En.
The larger its value, the wider the thickness of the cloud droplet. In
the field of ship navigation risk management research, cloud models
are often used to quantify the uncertainty information of risk factors
(Li et al,, 2023a; Xi et al.,, 2024).

E, = éx,- /n )
i=1

E, - \/gi(xi ~Ey/n Q)
i=1
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H, = [(X; - E.)*-E]/(n-1)

1

(4)

n
=

In order to complete the conversion from qualitative
description to quantitative expression based on the three
characteristic quantities of Ex, En and He, a forward cloud
generator is often used to implement this function. For a random
realization of a risk factor, its membership function needs to satisfy
Equation 5. Through multiple random accumulations of cloud
droplets, a large number of cloud droplets can be generated to
form a cloud model.

u(x) = exp[-(x — E,)*/2E%] (5)

4 Case study
4.1 Scenario description

The Northeast Passage in the Arctic is the busiest waters for
commercial ships to conduct navigation operations in Arctic
waters. The seasonal navigation characteristics of the Northeast
Passage in the Arctic are obvious. It can be freely navigated in the
summer months with the highest temperature. In the seasons close
to the summer months, the ice conditions are good, and commercial
ships reinforced with ordinary ice class can conduct commercial
navigation under the escort of icebreaker. During the escort
operation, the icebreaker in front has a higher icebreaking level,
which can directly break the sea ice that hinders navigation and

10.3389/fmars.2024.1499231

form a navigable channel. The escorted ship behind follows the
navigation track of the icebreaker in front to complete the ice zone
navigation operation. This method greatly improves the navigation
efficiency and safety of ordinary ice class reinforced ships in the
Arctic ice zone. However, the escort operation itself is still a high-
risk water transportation activity. First of all, the width of the
icebreaker and the escorted ship will affect the level of risk of the
escort operation. If the width of the icebreaker is smaller than that
of the escorted ship, the width of the channel formed by the
icebreaker will not meet the navigation needs of the escorted ship,
greatly increasing the navigation risk. Secondly, the closing speed of
the channel formed by the icebreaker has a great impact on the risk
of escort operations. If the ice channel closes quickly, the escorted
ship will maintain a high speed, and the icebreaker and the escorted
ship will also maintain a close distance, which will directly increase
the risk of collision accidents. In addition, the size, strength and
thickness of the remaining floating ice in the ice channel will also
have a great impact on the risk of escort operations. Therefore, for
high-risk water transportation activities such as escort operations, it
is necessary to take scientific means to quantify its risk level.

In this study, a formation mode consisting of an icebreaker and
an escorted ship is used to quantitatively analyze the safety risks of its
operation process. The escort operation risk of the TIAN HUI ship in
2018 is taken as the research object. The ship departed from the
Barents Sea on July 20 and arrived at the Bering Strait on August 3.
During the Arctic voyage, the voyage from July 29 to August 2 was
escorted by the icebreaker VAYGACH. In Figure 2, relying on AIS
data, the route information of the ship from the departure point to
the Bering Strait section and the changes in the ship’s position every
day are shown.

50°N

120°E

60°F

FIGURE 2
Study area and escort operation information.
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4.2 Model establishment

According to the timing characteristics of ship escort operation
in Arctic waters, it can be mainly divided into the preparatory stage
before the operation, the icebreaking escort operation stage, and the
end of the escort operation. In the preparatory stage before the
operation, it is necessary to combine the weather forecast
information to formulate a comprehensive navigation plan.
Before the escort operation officially begins, it is also necessary to
select a suitable icebreaker and conduct a comprehensive safety
inspection. After the escort operation mission begins, the icebreaker
must choose a suitable forward strategy in front to ensure that it can
effectively break the sea ice and form a reliable navigable waterway.
By maintaining timely and effective communication between the
two ships, ensure that the ship speed remains within a safe and
efficient range. At the same time, ensure that the distance between
the two ships is not too long or too short. During the icebreaking
escort operation stage, due to the dynamic adjustment of the ship
movement between the two ships at any time, this stage is also a
high-incidence period for collision accidents. It is necessary to
analyze and judge the collision risk in a timely manner and make
effective risk prevention and control strategies.

By analyzing the main operational tasks of each stage and
further subdividing the key subtasks of each step, the escort
operation system in Arctic waters can be mainly divided into nine

» o«

functional modules: “Make a suitable sailing plan”, “Choosing the
right icebreaker”, “Effectiveness of communication”,
“Comprehensive safety inspection”, “Identify effective ice-
breaking strategies”, “Maintain a suitable speed”, “Keep a safe

» o«

distance”, “Judge the collision risk”, and “Risk control measures”.
Combined with the main steps of FRAM model construction, the
functional characteristics of each functional module are analyzed
from six aspects: I, O, C, P, R, and T. Taking the functional module
“Make a suitable sailing plan” as an example, its functional
description is shown in Table 1.

On this basis, the relationship between different functional
modules of the escort operation system in Arctic waters is further

described, and the main factors that may lead to functional failure

TABLE 1 Functional characterization of “Make a suitable sailing plan”.

Function name Dimension  Description
I Prepare to make a
sailing plan
(¢} Sailing plan for the voyage
c Environment, relevant laws
and regulations
Make a suitable
sailing plan Reasonable crewing, ship’s
P condition, cargo allocation,
fuel and supplies, etc.
R Nautical charts, sailing
directions, etc.
T -
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are analyzed from the two aspects of the system internal and
external, as shown in Table 2. According to the correlation and
potential changes between the functional modules, the failure links
are analyzed to establish the functional failure network diagram of
the ship icebreaking escort operation in Arctic waters, as shown
in Figure 3.

According to the main factors leading to functional failure
analyzed in Table 2 and the functional failure network of ship escort
operation in Arctic waters described in Figure 3. Considering that in
the Arctic waters escort operation system, abnormal changes in
functional output will lead to an increase in the risk of collision
accidents through the coupling resonance of upper and lower
related functional modules. Through the functional resonance
analysis between functional modules, combined with the specific
task characteristics of ship escort operation, the risk factors leading
to escort operation collision accident are further analyzed in depth.
The analysis results are shown in Table 3.

Through FRAM, the basic functions of the system and potential
changes of modules of ship escort operation in Arctic waters are
analyzed, and the risk factors affecting the safety of escort operation
are preliminarily obtained. Further, through the analysis of the
coupling relationship between modules, a functional failure
network diagram is drawn. On this basis, the key risk factors
leading to collision accidents of escort operations in polar waters
are identified. These analyses can provide a direct basis for the
establishment of a BN model for risk assessment of ship escort
operation in Arctic waters. Combined with the risk factors of
collision accident of escort operation in Arctic waters obtained
from the analysis in Table 3, according to the rules of establishing

TABLE 2 Identification of function module changes.

Relevant
factors

Source of
change

Function
type

Function

name

Make a suitable Organization | External Inadequate

sailing plan changes voyage planning
Choosing the Organizations =~ External Inappropriate choice
right icebreaker changes of icebreaker
Effectiveness Human Internal Inadequate

of changes communication
communication between ships
Comprehensive Organizations | External Inadequate

safety inspection changes safety inspections
Identify effective Organizations | Internal Unreasonable ice-
ice-breaking changes breaking strategies
strategies

Maintain a Technology Internal Speed too fast/slow
suitable speed changes

Keep a Technology Internal Ships too close/far
safe distance changes

Judge the Human Internal Insufficient awareness
collision risk changes of risks

Risk Human Internal No risk control
control measures changes measures are taken
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Functional resonance analysis for escort operation in Arctic waters.

the BN model, the risk factors affecting the occurrence of collision
accidents of escort operation in Arctic waters are taken as nodes,
and the coupling relationship between risk factors is taken as
directed edges, and the BN structure of collision accident during
escort operation in Arctic waters is obtained, as shown in Figure 4.

TABLE 3 Risk factor analysis of escort operations in Arctic waters.

Functional

4.3 Model input

In the established BN model for risk assessment of escort
operation in Arctic waters, the node states are divided into two
types: “yes” and “no”. The model inputs required in the model
include two types: prior probability table and conditional probability
table. The conditional probability table can be obtained through
logical judgment, and the prior probability table needs to be obtained
through statistical calculation based on the objective discrete data set

failure Root cause of risk factors. In the model, the node that needs prior probability
input is the root node, including “harsh environmental conditions”
1 Inadequate Violations; Inadequate professional skills; “too much broken ice in the waterway” “insufficient information”
voyage planning Insufficient reading of relevant materials « . e . 1
cognitive bias” “inadequate professional skills” “inadequate look-
) Error Insufficient information; Cognitive bias; Harsh out” “equipment damage” “insufficient reading of relevant materials”
in judgement environmental conditions « . L » o« . » . L »
violations” “relevant system is not perfect” “insufficient attention”.
Inappropriate Nowadays, a variety of marine observation and prediction methods
3 .Ch(sce l‘(’f Error in judgement; Inadequate voyage planning are commonly used to facilitate the acquisition of ship navigation
1cepreaker
data (Yin et al,, 2023). Among them, the environmental risk factors
Equipment damage; Inadequate look-out; can be statistically calculated through objective data. The
Inadequate . .
4 L Inadequate professional skills; Harsh ) . ) .
communication . s environmental data used in this study are the fifth-generation
environmental conditions
reanalysis data provided by the European Centre for Medium-
5 Inadequate Insufficient attention; Relevant system is Range Weather Forecasts. This dataset combines model data with
safety inspections not perfect X
observational data from all over the world to form a globally complete
Unreasonable and consistent dataset. The dataset contains data on a variety of
6 ice-breaking Inadequate communication; Error in judgement logical hi . |
strategies meteorological and oceanographic environmental parameters,
including temperature, air pressure, precipitation, snowfall, wind
Unreasonable ice-breaking strategies; Equipment . . . .
. . speed, wave height, sea ice, etc. Figure 5 shows the environmental
7 Improper speed damage; Inadequate safety inspections;
Inappropriate choice of icebreaker distribution of Arctic waters, among which (Figure 5A) shows the
) ) - overall environmental distribution of the entire Arctic waters. Here,
8 Improper distance ~ Improper speed; Harsh environmental conditions . L .
sea ice concentration is used as an example for display. Due to space
9 Level of Error in judgement; Improper distance; Too much limitations, other environmental factors are not displayed one by one.
collision risk broken ice in the waterway . . 3 .
In (Figures 5B-D), the dynamic distribution of temperature, sea ice
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FIGURE 4
BN risk assessment model for escort operations in Arctic waters.
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Natural environmental conditions for navigation in Arctic waters. (A) shows the overall environment of the Arctic waters. (B) shows the temperature

changes at fixed coordinate points. (C) shows the sea ice changes at fixed coordinate points. (D) shows the wind speed changes at fixed
coordinate points.
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and wind speed at the ship station of TIAN HUI on the eighth day is
shown respectively. Referring to the classification of the impact of
environmental factors in Arctic waters on ship navigation safety in
Li et al. (2023b), these discrete environmental data sets can provide a
reference for solving the prior probability of environmental risk
factors such as “Too much broken ice in the waterway” and “harsh
environmental conditions”. Taking the node “Too much broken ice
in the waterway” as an example, when calculating the prior
probability distribution of its ship station every day, the change of
sea ice concentration at the location is extracted according to the grid
where the longitude and latitude of its ship station are located, as
shown in Figure 6. Considering the strong icebreaking performance
of the icebreaker, the value of sea ice concentration of 0.55 is
considered as the state threshold, and then the prior probability
distribution table of the node “Too much broken ice in the waterway”
at each ship station can be directly obtained by statistics, as shown
in Table 4.

In the BN risk assessment model, there are still some nodes that
do not have direct data sources. According to the proposed cloud
model quantitative analysis method, the cloud characteristic
distribution value of the risk factor is obtained by relying on
expert knowledge, and the random sample distribution of the risk
factor is further obtained through cloud simulation. Here, five
experts from related fields are invited to provide expert
knowledge for the quantification of subjective information.
Among them, three experts are professors from Shanghai
Maritime University, who have been engaged in the research of
risk management of ship navigation in Arctic waters for a long time.
Two experts are captains with rich experience in driving polar
commercial ships, from COSCO SHIPPING Special Transport Co.,
Ltd. For each risk factor, a subjective evaluation of the quantitative
value of the factor is carried out based on their experience and

10.3389/fmars.2024.1499231

knowledge. Based on the evaluation, the Ex, En, and He of risk
factor are obtained by combining Equations 2-4, and the cloud
simulation results are further obtained according to Equation 5.

Take the prior probability distribution calculation of the node
“inadequate professional skills” as an example. During the voyage of
the TIAN HUI ship in the Arctic waters, the voyage from July 29 to
August 2 was escorted by the icebreaker VAYGACH. According to
its icebreaking escort operation characteristics, its icebreaking
escort voyage was divided into three stages, namely the first day
of icebreaking escort operation (Stage 1), the middle stage of
icebreaking escort operation (Stage 2), and the last day of
icebreaking escort operation (Stage 3). For these three stages of
the ship’s voyage in the Arctic waters, the three characteristic
quantities of the risk factor “inadequate professional skills” in
each stage are obtained through expert judgment, and its cloud
droplet distribution is further obtained according to cloud
simulation, as shown in Figure 7. Taking the quantitative value of
0.75 as the threshold for state division, the prior probability
distribution of each stage of ship navigation operations in Arctic
waters is calculated by counting the number of cloud droplets in
each cloud droplet distribution, as shown in Table 5.

4.4 Results

According to the prior probability distribution and conditional
probability distribution of each node, the quantitative assessment
results of the navigation risk of the TIAN HUI ship during the
icebreaker escort operation in the Arctic waters are obtained
through BN reasoning, as shown in Figure 8. According to the
results of the risk quantification assessment, during the icebreaker
escort operation, the navigation risk of the ship showed a

0.6 A

Sea ice concentration
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0.0 1

\ o '\ »
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FIGURE 6

Changes in sea ice concentration at the ship’s position point on a daily basis.
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TABLE 4 Prior probability distribution of “too much broken ice in the
waterway” during ship navigation in Arctic waters.

Date July 29 July 30 July 31 August1 August 2

Yes ‘ 0.55 0.71 ‘ 0.13 ‘ 0.32 ‘ 0.01

No ‘ 0.45 0.29 ‘ 0.87 ‘ 0.68 ‘ 0.99

fluctuating downward trend. The average risk value per day during
the ship’s icebreaker escort operation is 0.087. The highest risk time
occurred on the second day of the escort operation, and the lowest
risk time occurred on the last day. The difference between the
highest and lowest risk quantitative values is 0.176. This shows that
during the icebreaker escort operation in Arctic waters, the risk level
fluctuates greatly. Carrying out icebreaker escort operations is a
high-risk water transportation activity, and special attention should
be paid to the safety threats brought by sudden risk events in the
operation. Specifically, on the first day of the icebreaking escort
operation, the risk of ship navigation is at a high level, with a
quantitative value of 0.157. On the second day of the icebreaking
escort operation, the risk of ship navigation reached the highest
value, with a quantitative result of 0.185. Subsequently, the risk of
ship navigation gradually decreased, and the risk level is the lowest
on the last day of the escort operation, with a quantitative value
of 0.009.

In order to further analyze the key risk factors during the escort
operation in Arctic waters, the node “Level of collision risk” is set as
the target node in the BN model, and the BN sensitivity analysis is
carried out. The main risk factors affecting the occurrence of collision
accident during the escort operation in Arctic waters are obtained, as
shown in Figure 9. The top ten risk factors affecting the occurrence of
collision accident are obtained through analysis, namely “Harsh
environmental conditions (R1)” “Too much broken ice in the
waterway (R2)” “Improper distance (R3)” “Error in judgement
(R4)” “Insufficient information (R5)” “Cognitive bias (R6)”

»

“Improper speed (R7)” “Inappropriate choice of icebreaker (R8)

10.3389/fmars.2024.1499231

“Unreasonable ice-breaking strategies (R9)” “Inadequate professional
skills (R10)”. It can be seen that among the main risk factors affecting
the occurrence of collision accident during escort operations in Arctic
waters, the most important risk factor comes from the navigation
environment, followed by inappropriate ship following distance and
mistakes of ship operators.

5 Discussion

5.1 Risk performance of escort operation in
Arctic waters

It is a high-risk water traffic activity for ordinary commercial ships
to carry out navigation in Arctic waters. In order to ensure navigation
safety, escort operation is an effective operation mode. However, while
this operation mode improves the navigation safety level of ships, it may
cause collision accidents due to the following mode between icebreaker
and escorted ship. This study quantitatively analyzes the risk level of
collision accident during escort operation in Arctic waters. In order to
verify the reliability of the risk assessment model established in this
study and the effectiveness of escort operation on the navigation safety
level in Arctic waters, it is necessary to conduct comparative verification
analysis. During the five days when the TIAN HUTI ship carried out
escort operations, considering the impact of the icebreaking level of
icebreakers on navigation risks, the risk assessment results were
compared and analyzed. At a lower icebreaking level, the impact of
sea ice on the navigation safety of ships will be greater. Assuming that
the icebreaking performance of icebreakers is reduced, the possibility of
sea ice threats increases by 20%. Therefore, in the BN risk assessment
model in Figure 4, the model input of the node “too much broken ice in
the waterway” is changed to analyze the navigation risk during escort
operations. The results are shown in Figure 10.

From the quantitative results, it can be seen that with the decrease
in icebreaking performance of icebreakers, the fluctuation trend of the
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FIGURE 7

Quantitative cloud of information on risk factors for ship escort operations in Arctic waters.
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TABLE 5 Prior probability distributions for each stage of ship navigation
in Arctic waters.

State Stage 1 Stage 2 Stage 3
Yes 0.13 045 0.24
No 0.87 0.55 0.76

escort operation risk in Arctic waters is consistent with the previous
trend. However, under the strong condition of reduced icebreaking
performance of icebreakers, the overall level of navigation risk is higher
than that of icebreakers with high icebreaking levels. This is consistent
with the actual navigation conditions of ships in Arctic waters, which
shows the reliability of the model. Specifically, during the five days
when TIAN HUI ship took icebreaking escort operations, the risk
difference in the first two days was much higher than that in the last
three days. By analyzing the sea ice conditions in Table 4, it was found
that the value of ice cover in the first two days of icebreaking escort
operations was much higher than that in the last three days. This also
shows that when the sea ice conditions are more severe, it is very
necessary to choose a reliable high-level icebreaker.

5.2 Uncertainty of risk information during
escort operation in Arctic waters

Ship navigation risk management often faces the problem of missing
information, and how to solve the uncertainty in it has become one of the
main problems to be solved in current research. The uncertainty of risk
information often comes from several aspects. On the one hand, in the
stage of risk identification, in the process of identifying risk factors and
determining the logical relationship between them, different scholars have
different logical thinking, and the various theoretical methods used are

10.3389/fmars.2024.1499231

different, so the results often have strong uncertainty. On the other hand,
in the process of quantitative analysis of ship navigation risk, there is often
the problem of missing data sources for some risk factors, thus bringing
uncertainty in data information. Compared with ordinary waters, the
navigation environment in Arctic waters is more severe, and the task of
escort operation is very complex, so the uncertainty faced in the process of
quantitative analysis and management of navigation risk is even stronger,
and new ideas are urgently needed to solve these problems.

In this study, to address the uncertainty in the risk modeling
process, based on the functional resonance perspective, the FRAM
method is used to describe and analyze the functions and activities of
the escort operation system in Arctic waters, to establish a functional
failure network of the ice-breaking escort operation in Arctic waters,
and to analyze in depth the main risk factors that lead to collision
accident during escort operation. This method effectively overcomes
the problem of excessive subjectivity in risk factor identification under
the traditional “man-machine-environment” perspective. Moreover,
the logical relationship between the risk factors can be sorted out in
a scientific and logical way, which can help to establish the risk network
model of collision accident of escort operation in Arctic waters. In the
process of quantitative risk analysis, this study proposes the use of
FRAM and BN method effectively combined to establish a quantitative
model for risk assessment, which has the advantage of integrating
multi-source information and carrying out quantitative analysis of risk
by means of network reasoning, and it is a reliable method of
quantitative risk analysis for the characteristics of the escort
operation in Arctic waters. In addition, in the processing of
uncertain data information, this study proposes the use of a cloud
model to realize the conversion of subjective experience to objective
data, and cloud simulation through the eigenvalues of risk factors, thus
providing a direct data source for BN risk inference. This approach
brings new ideas for dealing with the uncertainty of data information in
ship navigation risk management.
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FIGURE 8
Ship escort operation risks in Arctic waters.
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6 Conclusion the complex coupling relationship between the systems, and the key
risk factors in the system are further analyzed. Based on the

This study proposes an approach combining FRAM and BN to  correlation relationship between risk factors, a BN analysis method is
quantitatively analyze the risk of ship escort operation in Arctic waters. ~ used to establish a collision risk assessment model for ship escort
In the proposed method, to address the complexity of the ship escort ~ operation in Arctic waters. Relying on multi-source data, the subjective
operation system in Arctic waters, FRAM is used to model and analyze  information is quantified by combining the cloud model of uncertain
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information processing. For the specific scenarios of ice-breaking escort
operation of ships in Arctic waters, the escort operation risk is
quantitatively analyzed.

The results show that during the escort operation, the average value
of ship navigation risk is 0.087, which is at a high level, and the
maximum difference in risk reaches 0.176, with a large level of risk
fluctuation during the escort operation. Among the main risk factors
affecting the occurrence of collision accident during ship escort
operation in Arctic waters, the risk factor with the greatest impact is
“Harsh environmental conditions”, followed by “Too much broken ice
in the waterway”. Taken together, among the main risk factors affecting
the occurrence of collision accidents during escort operation in Arctic
waters, the most important risk factor comes from the navigational
environment, especially the influence of sea ice conditions. Unsuitable
following distance of the ship and the error of the ship operator are also
the key reasons affecting the collision accident. During ship escort
operation in Arctic waters, it is essential to select icebreakers of the
appropriate icebreaking class according to the sea ice conditions.

The method proposed in this study is effective in understanding the
level of navigational risk during ship escort operation in Arctic waters,
clarifying the key risk factors involved, and improving the safety level of
escort operations. In future research, the model can be further expanded
to introduce decision analysis methods to assess the effectiveness of
various types of risk control measures by proposing them, so as to
maximize the safety level of ship escort operations in Arctic waters.
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