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Abstract

Oil tankers carry large quantities of liquefied chemical cargoes that are flammable, explosive
and/or toxic. Hence, a collision with a tanker that causes an oil spill poses a severe threat to the marine
environment and human life. In order to quantify and analyze the risk factors of ship collision oil spill,
this paper adopts a combination of knowledge element (KE) and dynamic Bayesian networks (DBN)
to conduct an emergency scenario study based on the “scenario-response” model. Firstly, the key
elements of “accident scenario state, human factors, emergency measures, and emergency goals”
are selected to represent the accident. Then, the mechanism of accident evolution is analyzed according
to the case, and DBN is used to build a scenario model of oil spills from tanker collisions. Finally,
to verify the importance of human factors and the scientificity of emergency measures, the oil spill
accident due to the collision between the two vessels known as MT “SANCHI” and MV “CF CRYSTAL”
is used as an example for analysis. The accident model deduction results are in line with reality,
and the research results help relevant decision makers to understand the deduction process of oil spills
from tanker collisions, which is of great significance to enhance the safety of oil tanker shipping

and marine environmental protection.

Keywords: bayesian network, emergency scenario projection, knowledge element, marine pollution,
oil spills

Introduction

Oil spills have become one of the world’s most severe
marine ecological disasters. According to International
Tanker Owners Pollution Federation [1] survey

*e-mail: thanksky709394@163.com

statistics, from 1970 to 2021, about 5.87 million tons
of oil were spilled globally due to tanker accidents, and
most of the oil spills (>7 tons) were caused by collisions.
The collision of oil tankers at sea, especially large ships,
often leads to major oil spill accidents, which cause not
only huge economic losses to shipping enterprises and
endanger public health, but also cause serious pollution
to the marine ecological environment, destroy the marine
ecosystem, and restrict the sustainable development
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of the society’s economy [2]. Therefore, the maritime
regulator (IMO-International Maritime Organization)
has adopted strict regulations to regulate the transport of
these goods. MARPOL 73/78 (International Convention
for the Prevention of Marine Pollution from Ships) is one
of the fundamental conventions for preventing marine
pollution from ships [3]. These show that it is essential
to analyze the risk factors of oil spill collision and its
evolution mechanism to prevent accident risks and to
improve emergency management decisions for maritime
safety and marine environmental protection [4].

From a static perspective, more than 80% of tanker
accidents are caused by human errors [5, 6]. Meanwhile,
studies have assessed the contribution of various risk
factors from “human-machine-environmental-control”
to tanker pollution accidents and confirmed that human
factors account for the largest share of ship collision
pollution accidents and are the primary consideration
[7-9]. In these studies, scholars have analyzed the role
of human factors in ship collisions [8] and identified the
causal chain of human errors that can help to reduce
the accident rate [5, 9] assessed the contribution of
human error to the risk of chemical spills from tankers
and emphasized that improving the safety of human
behavior in maritime transport is essential to reduce
the risk of marine pollution. Thus, human factors have
a significant impact on the development of ship collision
oil spills before, during, and after the incident.

From a dynamic perspective, major ship oil spills,
as a type of emergency with serious consequences, are
typical of unconventional emergencies because their
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precursors are not obvious, their evolution paths are
complex and uncertain, and they involve a wide range of
damage and potential secondary hazards. The essence of
scenario construction is to identify accident constituents
and states, which can help emergency decision-making
subjects identify critical and controllable factors of
disaster accidents, reduce information ambiguity,
and reduce decision-making errors [10]. Therefore,
“emergency decision-making” has become a mainstream
trend in emergency analysis [10, 11]. In terms of scenario
construction for oil spill accidents, there are methods to
construct marine oil spill scenarios based on structural
equations [12], flat text for semantic analysis [13], and
hydrodynamic model [14]. In terms of accident machine
risk analysis and emergency management, Bayesian
Networks (BNs) are often used as modeling tools for risk
quantification [15]. Goerlandt and Montewka [4] proposed
a risk analysis framework for marine transportation
systems in the case of oil spill risk in the Gulf of
Finland, in which BN was used as a modeling tool for
risk quantification, and the study showed that the model
is reasonable for ship collision oil spill risk analysis. To
improve the accessibility and accuracy of emergency
evolutionary reasoning, Wang and Liu [16] constructed
a hybrid inference model based on KE for emergency
scenario deduction. At present, there are not many studies
on sudden oil spills at sea focusing on the assessment
of risk factors and causation analysis of accidents, and
the corresponding auxiliary emergency decisions for
oil spills at sea are mostly based on oil spill trajectory
simulation and historical case matching. However, there
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are almost no scenario deduction studies that directly
address tanker oil spill accidents in large ship-ship
collisions at sea, and the scenario deduction on ship oil
spill accidents is often single, with less consideration of
the coupling of risk factors and the interaction between
basic scenarios, and without considering the impact of
the emergency response capability of ship enterprises and
crew on accident development.

In summary, this paper intends to fully consider
the human factors in the oil spill accident process.
At the same time, the accident belongs to a typical
unconventional emergency. Using KE to express
its scenario [17], we can concretely analyze the key
factors affecting this kind of disaster accident’s initial,
development, and evolution, which is the premise of
constructing DBN. The combination of DBN and fuzzy
set theory can solve the problems of dynamic and
incomplete information of the evolution of emergency
accidents. Combined with the above technical
advantages, the scenario inference model constructed
in this study can quantitatively and qualitatively analyze
the risk factors of major oil spills from tankers and their
interaction relationship. By identifying the key risk
elements and predicting the accident scenarios that will
occur during the development of the accident, it can
scientifically describe the evolution path of the accident
and the possible scenario results of the final accident, and
provide a more accurate assessment of the emergency
response and loss prevention of the oil spill accident of
the oil tanker in the ship-ship collision. The accident
scenario deduction mechanism revealed by the research
results will provide a scientific basis for decision-makers
to make correct emergency countermeasures in the
emergency response process after collision accidents in
oil tanker marine transportation, which is significant in
reducing the risk of marine environmental pollution.

The rest of this paper is as follows: In the second
section, the theory and method of applying the research
model are introduced, and by collecting cases of oil
spill accidents caused by ship collisions, the evolution
law of accident scenarios is analyzed, and the scenario
deduction model of oil spill accidents caused by oil
tanker collisions is constructed. In the third section,
the application of the construction mold in an accident
example and the discussion of the results are carried out.
Finally, Section 4 gives the conclusion. Fig. 1 shows the
details of each step.

Materials and Methods
Scenario Representation of Oil Spill
from Tankers in Ship-to-Ship Collision
Knowledge Element Theory

KE is an abstract representation of the basic concepts,
characteristics, and properties of objective things and is

the smallest unit of knowledge that cannot be divided
anymore [18]. KE can be a concept, rule, fact, or method
[19]. KE has the characteristics of good transitivity,
extensibility, and relational expression. It does not
depend on specific knowledge domains and specific
situations, and has a specific and complete representation
structure. Therefore, it can better cope with the complex
reasoning problem of the evolution of emergencies and
interpret the common characteristics and complex laws
of the evolution of emergencies [16]. With this technical
advantage, knowledge elements have been widely
used in emergency management of emergencies across
disciplines and fields [10, 16]. Scenario construction
for non-conventional emergencies can be applied to the
knowledge triad [19], which consists of three sets of
concepts and attribute name sets describing the thing,
attribute state sets, and interrelationships between
attributes, which are described as follows.

kmy ={N,, Am, Ry}, meM (1)

Where M is the set of description objects; N is the
name and concept of emergent event objects, 4 is the
set of corresponding attribute states, and R is the set
of relationship descriptions between scenario elements.

A = AL U AS U AY )

where Am’ is the input attribute, Ams is the state attribute,
and 4 ¢ is the output attribute.

ko = (Pa da, fo), a € Ap 3)

The attribute knowledge element k  corresponds
to 4 , and the thing attribute is a4 . In this formula,
p, is a measurable or describable characteristic, d, is
a measurable measure, and f is a numerical or time-
varying function.

kT = (prr A{«, A?' ﬁ‘)'r € Ry 4)

The attribute state relationship in the relational
knowledge element k is reR , p. is the mapping
attribute description, 4/ is the input attribute state set,
A °. is the output attribute state set, and f'is the mapping
function, i.e., for 4% = f(4). When p #0, A °#J and
/. # of the formula, the generic knowledge metamodel
can be described as follows.

Ky = UmeM (km UaeAm(ka UrERm kr)) 5)

The Constituent Elements of Situational KE
and the Law of Situational Evolution

Understanding the evolution process and law of
offshore oil tanker collision and oil spill accidents and
grasping the critical scenarios and their characteristics
are the basis and prerequisites for building accident
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extrapolation models. In this paper, we counted 34
(24 in China and 10 in other countries) major oil
tanker collision and oil spill accidents worldwide from
1972 to 2021, and some cases are shown in Table 1.
The leading causes of tanker oil spill accidents in ship
collisions include negligence in the lookout, violation of
regulations, failure to take effective avoidance action,
and failure to take oil spill emergency measures. Human
error is the direct cause of the ship collision accident
and the critical factor in promoting the evolution of the
accident, so human factors are important factors in the
tanker collision oil spill risk. The bulk oil or refined oil
carried by tankers is a very complex organic mixture,
which is flammable, explosive, and toxic. This disaster-
causing property is carried out in the whole process of
the accident. Therefore, in this study, the object’s risk
is taken as the hypothetical premise of the accident
deduction, and it is not extracted separately as the
scene element. In the analysis of the case combined
with the SOM network scenario evolution expression
proposed by Jiang and Huang [19], the scenario KEs
of a ship-ship collision oil spill accident are divided
into: (i) scenario state (S), which mainly refers to the
state of the emergency object, including the disaster-
causing body scenario state and the disaster-bearing
body scenario state; (i) human factors, represented by
H; (iii) emergency measures (M) refer to the disposal
behaviors and measures taken by the emergency object,
such as the crew on duty and the maritime authority
oil spill response department; (iv) emergency target
(O) (Fig. 2). These four scenario elements interact with
each other to form a basic unit of scenario evolution.
The human factor acts with the scenario state, the
emergency measures constrain the scenario state, and
the emergency objectives are both influenced by the
scenario state and the following scenario state.

Table 1. Typical cases of oil spills from tankers collision.

An outbreak undergoes a total of n transitions of
scenario states from occurrence to disappearance. The
scenario states are denoted as SO, S1, S2, S3, ..., Sn-1,
Sn. The moments of each state are ¢, ¢, ¢,, ..., ¢, and t .
Briefly, the overall phase of the accident can be divided
into the initial phase, the development phase, and the
disappearance phase. As shown in Fig. 3, it is assumed
that at a certain moment, the initial scenario S1 of the
accident appears under the influence of some disaster-
causing factor. If the decision maker takes timely and
effective emergency measures (M1) can avoid further
development of the accident. In this process, there is a
human error H1, and with the evolution of the disaster
accident itself, various possible intermediate scenarios
will appear. If these accident scenarios receive an
effective emergency response, the situation can be
controlled to continue to evolve so that the accident
disappears as soon as possible. Otherwise, these
scenario states evolve again, and the next scenario state
has multiple possibilities. Assuming that the new state
is determined as S2, corresponding to having O2, the
scenario state continues to change under the influence of
H2 and M2. And so on, until the moment # , the scenario
disappears, the whole emergency response process ends,
and the scenario evolution process is terminated.

Analysis of the Evolution Path of the Scenario
of Major Oil Spills from Tankers

Generally speaking, after an accident occurs,
it evolves into multiple possibilities because of its
evolution and human intervention response to the
disaster. Different decision makers will set different
emergency goals and measure each scenario state. At the
same time, human errors occur during the intervention
of emergency subjects. Improper emergency measures

Date Name of accident Main cause of the accident Oil spill Marine .enV1r0nmenta1
volume impact
1972.8.21 The colhs.lon between the | Failure to tz}ke eﬁectlve avoidance action 100,000 tons Sou'th Africa’s c9astal
Tekesenita and Starfish in a timely manner ecological damage is severe
1979.12.9 | The Atlantic Queen accident | Failure to detect incoming vessels in time 185 .1’1’111]101’1 Contamlr}atlon of nearby
liters islands
o e - o . . About 85 tons The large area of water
2003.8.5 8.5” major oil spill accident Negligent lookout of fuel oil pollution
expertie, et keep a ey ot and The pollution of Hainan's
Pearl River Estuary “12.7” oil DS ’ eep 4 ’ 1,280 tons of waters caused economic
2004.12.7 spill in ship-vessel collision failed to take evasive measures. The fuel oil losses of more than 270
P p fourth mate of vessel M did not slow million vuan
down or contact the opposite vessel. yuan.
2007.12.7 | Korea 12.7 oil spill accident Negligent lookout.; F:»:nlure to detect 10,000 ton_s of The sea was heavily polluted
danger in time. crude oil
The fishery lost about 2.821
2021427 Qingdao 4.27' ship pollution No keep watch,. slow down, release 9400 tons billion yuan, ar.ld the Marine
accident signal. ecological environment lost
about 439 million yuan.
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Fig. 3. Schematic diagram of the evolution law of the accident scenario.

can undermine and interfere with emergency goals and
situational states. Therefore, it can be roughly divided
into two evolutionary paths [20]. One is to reduce human
error as much as possible in the process of evolution and
take emergency measures to achieve the corresponding
emergency target so that the evolution of disaster
and accident will develop in the desired direction.
The accident will quickly calm down to minimize the
loss. The other is not to achieve the corresponding
emergency target. The accident continues to deteriorate,
causing more severe derivative or secondary disaster
accidents.

Constructing the Scenario Network
Model of Oil Spill Accidents

BN

BN is based on probability distribution and graph
theory and is a directed acyclic graph (DAG) with
nodes and directed edges and a conditional probability
table (CPT) to represent the strength of dependencies
between nodes. Nodal variables can be an abstraction
of any problem and are suitable for expressing and
analyzing events with ambiguity and probability,
enabling relatively accurate reasoning from incomplete,
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imprecise, or uncertain information and knowledge.
BN is one of the most effective models for uncertain
knowledge representation and reasoning [18, 20]. The
DBN [21] adds the time factor ¢ to the static Bayesian
network, making the temporal reasoning of sudden
disaster accidents consistent and continuous with the
event development and more aligned with the objective
reality. The mathematical basis of inference in DBN
is the full probability formula and the conditional
probability formula, which is used x to denote the set
of causes or the set of parents of causal relationships in
DBN, and y to denote the set of outcomes or children of
causal relationships in DBN, then there is x—y. where
the set x contains n elements, each element is noted as x,
then there is x ex (i = 1,2,3,....,n) and the full probability
formula is

P(y) = P(yx) = P(yxy + yx, + - y*) = P(yxy)
+ P(yxz) + - P(yxy)
(6)

From (Eq. 6), it is clear that full probability is
essentially the inference of an outcome from a cause,
while the Bayesian formula is the opposite, being the
inference of the probability of a cause occurring if the
outcome is known.

P(x;y)  P(xpp(ylx)
P(x; =
( lly) y (2]?‘=1P(xi)P(y|xj)) 7)

Since BN inference implicitly assumes a premise
of conditional independence, the joint probability of
all nodes represented by BN can be expressed as the
product of the conditional probabilities of individual
nodes.

P(xlleI""xn) = Hin=1p(xi|x1'x21""xi—1)

= 17, P (x| Pa (xy) )

where is the set of parent nodes. The DBN is essentially
the expanded form of the static BN on the time axis.
Suppose there are ¢ existing time segments with n
hidden nodes and m observed nodes, x, is a fetching
state, y, is an observation, and Pa(yij) is the set of parent
nodes of Yy [22].

P11, X125 o0y Xe1, oo Xen| Y10 Va2 o000 Yimo s Vetrs Vezs o0 Vien)

B 131P(ijlPa(yi) )i P (Vis Pa i)
an,xu.--'x:1.xtzl7i,jP(Yij|Pa(yik))

)
Constructing a DBN for Accident Scenario Evolution

The construction of a DBN for an unexpected event
scenario can be divided into three steps.

Step 1: Determine the node variables of the network.
According to the classification of scenario knowledge

elements, the corresponding network node types are
determined by using historical cases or domain expert
judgments. The results of the critical elements data table
are the variables of network nodes.

Step 2: Determine the causal relationships of the node
variables in the network. First, the whole scene elements
are connected in series according to the emergency’s
initial stage, development stage, and disappearance
stage. Then, according to the chronological order, it
mainly unfolds from two paths. One is the horizontal
path: the situation state evolves in the optimistic
direction. The second is the longitudinal path: the
scenario state evolves in a pessimistic direction. Finally,
a complete emergency scenario network is formed by
drawing it with directed edges.

Step 3: Determine the probability of network node
variables. The prior probabilities of some network node
variables are determined according to the historical
statistics of such disasters and accidents. Then the state
probabilities of scenario states are calculated using the
prior probabilities or expert estimation probabilities
to deduce the occurrence probability of the following
scenario state, and so on to complete the whole scenario
inference process.

Determine the Probability of the BN Model

Due to incomplete representation of the
unconventional contingency itself, insufficient data
from previous similar cases, and limitations of people’s
conditions, people are not aware of the conditions or
objective causes of the occurrence of the contingency.
Almost all unconventional contingency scenario
projections are conducted under uncertain conditions,
which makes it difficult to use rigorous logical reasoning
methods like mathematics and physics. Therefore, fuzzy
information processing and its methods are crucial
in scenario deduction — the contribution of fuzzy set
theory, created by Zadeh [23] is the introduction of
the concept of “subordination,” a mathematical way
of dealing with the fuzziness of things, i.e., using
the interval [0, 1] as a measure. For cases where data
were not directly available, a combination of expert
experience and fuzzy theory was used to assist in
estimating the conditional probabilities. To ensure the
reliability of subjective expert judgments, each expert’s
background, including factors such as years of work,
education, and professional status were graded [5, 24,
25]. Then an average arithmetic method was used to
obtain reasonable weighting factors (Table 2). Human
memory capacity is generally estimated at seven plus
or minus two patches [26], and the number of linguistic
expressions that facilitate experts to make appropriate
judgment choices is usually five. Therefore, this paper
uses trapezoidal fuzzy numbers to represent expert
opinions, classifying the likelihood of accidents into five
linguistic variables: VH, H, M, L, VL (Table 3).

Four parameters will represent the trapezoidal
fuzzy number. And the fuzzy set will be denoted as
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Table 2. Weighting scores of experts.

Group Classification Score

Professor 5
Associate 4

Professional position professor
S) Shipping manager 3

Senior seaman

Ordinary seaman 1
PhD 5
Master 4
Education level (8S,) Bachelor 3
HND 2
School level 1
>20 (years) 5
15-19 4
Experience (S,) 11-14 3
5-10 2
<4 1

Table 3. Linguistic expressions and corresponding TrFNs.

Linguistic expressions TrFN
Very low (VL) (0,0,0.1,0.2)
Low (L) (0.1,0.25,0.25,0.4)
Medium (M) (0.3,0.5,0.5,0.7)
High (H) (0.6,0.75,0.75,0.9)
Very high (VH) (0.8,0.9,1,1)
A = (a,m,n,b), whose affiliation function equation
is (Eq. 10):
xXx—a
<
— (a<x<m)
() 1 (m<x<n)
HalX) g p-
X (n<x<b)
b—n
0 (other) (10)

Collect the expert data and convert the expert
judgments into fuzzy numbers. If n experts’ opinions
are collected, the probability of the ith node Ai given by
the kth expert is transformed into a trapezoidal fuzzy
number (Table 1), taking into account the experts’
weights and processed by arithmetic averaging method
thus to an aggregated value.

pi = (Wi x P) @ (W x P?) ® (W x PY)
(WP x P = (a}, m},nl, b)) (11)

The fuzzy number is solved (Eq. 11), and the area-
mean method is used to denazify the fuzzy results and
get the fuzzy values of the nodes (Eq. 12).

a£+ml{+nl{+b{ (12)
4
Normalize the probability information of the nodes
to obtain the prior probabilities of the relevant nodes
(Eq. 13).

M* =

Py =M /5, M’ (13)

Results and Discussion
Case Study

On January 6, 2018, the collision between the oil
tanker Sanchi carrying condensate and the bulk carrier
CF CRYSTAL occurred in the waters about 160 nautical
miles east of the mouth of the Yangtze River, resulting
in a total loss of 136,000 tons of condensate and more
than 1,000 tons of bunker oil into the East China Sea.
It became the first case in the history of world shipping
where a tanker carrying condensate was hit and caught
fire, resulting in a total loss of the ship. The oil spill
caused a large area of oil pollution in the sea, and the
combustion and explosion released a large amount of
toxic gas. As there is no oil tanker carrying “condensate”
in the history of world shipping, there is no precedent
for pollution emergency disposal, which is a typical
unconventional accident [27]. Through this accident
report [28], the time sequence and critical situation of
the accident development are sorted out (Fig. 4).

Accident Scenario Representation
and Evolutionary Path Analysis

The development process of an oil spill accident in
a tanker collision can be simply divided into the initial
phase, development phase, and disappearance phase.
The initial phase is the period from the appearance
of collision hazard-related causative factors to the
occurrence of the accident. In order to identify the
human factors and emergency initiatives in this accident
prevention phase, the collision avoidance process is
subdivided into three phases: perception, decision, and
action, according to the human cognitive model (Fig. 5).
Based on the 308 ship collision accident investigation
reports from the China Maritime Safety Administration
and the results of existing studies [9, 29, 30], the
knowledge meta-theory was applied to extract key
scenarios for the oil spill accident process. As shown
in Table 4, 14 accident scenario states, 7 human factors,
7 emergency response objectives, and 7 emergency
response activities were identified as BN variables, and
the identified node variables were connected to form an
accident BN scenario derivation diagram (Fig. 6).
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On January 14, 2018, the MV Sanchi sank; on January 15, the fire was extinguished; on January 28, the remains
of three people were found and 29 people were missing; on August 31, the o1l pumping operation was completed
and about 70.3 m3 of oil effluent was extracted to completely eliminate the source of pollution

Fig. 4. Scenario development process of the oil spill accident of “Sanchi” oil tanker.
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Fig. 5. Collision avoidance process in disaster accident prevention stage [7].
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Table 4. Situational knowledge element.

Scenario state

)

Human factor

(H)

Emergency measure
M)

Emergency objectives

©)

S1 Crossing situation

H1 Improper lookout

M1 Using devices to send
and capture information

O1 Timely access to the
meeter information

M2 contacted with meeter to

02 avoiding collision

S2 Discover the meeter H2 misjudged the danger get accurate information hazards
S3 Accident disappearing - - -
. M4 Take avoidance measures .
S4 Two tankers form an urgent situation H4 Tanker improperly such as turning to the right, 04 Avoid ﬂ.le. danger of
operated . . collision
stopping or reversing
S5 Accident disappearing - - -
S6 Oil spill from tanker in ship-to-shi emer; en:I 6n11\;(1)1a ement M6 Isolation of spilled oil
P .. p P gency £ from contact with ignition 06 Oil did not ignite
collision mechanisms and contingency
sources
plans
H7 Lack of emergency M7 Lay oil boom and 07 Control the amount of
S7 Oil continues to leak training and improper activate oil skimming oil spilled and clean up and
operation equipment recover in time

S8 Accident disappearing

S9 Pollution spreads to the sea

H9 Inadequate response of
oil spill response teams of
ship enterprises

M9 Physical and chemical
methods for oil removal and
pumping operations

09 Remove oil slick on
the sea surface as soon as
possible to eliminate marine
pollution

S10 Accident disappearing

S11 Fire spread and exploded

H11 Inadequate emergency
training and emergency drills
for crew members

M11 Turn on fire pumps,
send alarm signals, and
evacuate people

O11 The fire was brought
under control and people
were evacuated

S12 Accident disappearing -

Calculating Accident Scenario Probabilities

Taking 34 major oil vessel collision cases as samples
and combining them with the tanker oil spill statistical
analysis report in 2021, the official website data of the
Maritime Safety Administration of the Republic of
China, the Guangdong Maritime Safety Administration,
and the Shandong Maritime Safety Administration,
statistical analysis were conducted to determine the
probability of some nodes. The results are shown in

Table 5 [30]. Five experts in related fields determine the
probability of other nodes, and the weight of each expert
is calculated by Table 2 and Equation (10). The weights
of the five experts are 0.26, 0.23, 0.19, 0.17 and 0.15.
The fuzzy expert language is successively calculated
according to Egs. (11-13) to obtain the conditional
probability of each node (Table 6).

Equation (9) was used to obtain the state probability
of each node with the help of GeNle software, and the
DBN scenario inference diagram was obtained (Fig. 7).

Gt timely Sound judgment/ Correct operational
information about ——» discover the meeter nd judgme > P —> No collision (»| Accident disappeared
. decision making | actions
this meeter 1
Sailing \
(risk of i
1lisi i - i
collision) | By the time the urgent ol " i .
' ; : situation is formed. Poor judgmen AN Lmproper operational
o Fa_llure to qbtaln . ? decision making actions
information the meeter is found

The meeter was not
spotted until the

v

immediate collision

Fig. 6. Evolution path diagram of collision accident scenario.
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Table 5. Partial node probabilities.

Node Ture False

H1 | 0
(substantiated information)

M1 0.5 0.5

H2 | 0
(substantiated information)

M2 0.6775 0.3225

H4 | 0
(substantiated information)

M4 0.218 0.782
04/S4=T,H4=F,M4=T 0.64 0.36

Result Analysis

In the initial stage of the accident. Through the BN
model, it can be seen that when the cross-encounter
situation was formed (S1 = 100%), the ship had improper
lookout (H1), misjudgment of danger (H2), and a slight
turn to the right (H4) 15 minutes before the collision
of CF Crystal. Furthermore, in terms of emergency
measures, the pilot of CF Crystal did not compare and
synthesize the AIS information with radar information
(M1), which led to the error in information judgment.
The ship did not make effective contact with each other
(M2) and did not take practical collision avoidance
actions in time (M4). The node probability of an oil spill

Table 6. Conditional probabilities of scenario node variables.

Code Prior condition Empirical probability /True Empirical Probability/False
Ho6 - 0.6722 0.3278
M6 - 0.5050 0.4950
H7 - 0.68 0.32
M7 - 0.7068 0.2932
H9 - 0.6175 0.3825
M9 - 0.8848 0.1152
H1l1 - 0.48 0.52
M1l - 0.916 0.84
o1 S1 =Ture, HI = Ture, M1 = Ture 0.4975 0.5025
(0] S1 =Ture, H1 = Ture, M1 = False 0.1013 0.8987
(0] S1 =Ture, H1 = False, M1 = Ture 0.8515 0.1485
o1 S1 =Ture, H1 = False, M1 = False 0.4753 0.5247
02 S2 = Ture, H2 = Ture, M2 = Ture 0.23 0.77
02 S2 = Ture, H2 = Ture, M2 = False 0.1345 0.8655
02 S2 = Ture, H2 = False, M2 = Ture 0.8218 0.1782
02 S2 = Ture, H2 = False, M2 = False 0.5048 0.4952
04 S4 = Ture, H4 = Ture, M4 = Ture 0.4468 0.5532
04 S4 = Ture, H4 = Ture, M4 = False 0.075 0.925
04 S4 = Ture, H4 = False, M4 = False 0.2685 0.7315
06 S6 = Ture, H6 = Ture, M6 = Ture 0.53 0.47
06 S6 = Ture, H6 = Ture, M6 = False 0.2288 0.7712
06 S6 = Ture, H6 = False, M6 = Ture 0.6163 0.3837
06 S6 = Ture, H6 = False, M6 = False 0.342 0.658
o7 S7 =Ture, H7 = Ture, M7 = Ture 0.265 0.735
o7 S7 = Ture, H7 = Ture, M7 = False 0.1033 0.8967
o7 S7 = Ture, H7 = False, M7 = Ture 0.6488 0.3512
o7 S7 = Ture, H7 = False, M7 = False 0.4675 0.5325
09 S9 =Ture, H9 = Ture, M9 = Ture 0.2998 0.7002
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Table 6. Continued.

09 S9 = Ture, H9 = Ture, M9 = False 0.1783 0.8217
09 S9 = Ture, H9 = False, M9 = Ture 0.8253 0.1747
09 S9 = Ture, H9 = False, M9 = False 0.5263 0.4737
Ol11 S11 = Ture, HI1 = Ture, M11 = Ture 0.3498 0.6502
Ol1 S11 =Ture, H11 = Ture, M11 = False 0.0075 0.9925
011 S11 =Ture, H11 = False, M11 = Ture 0.7218 0.2782
011 S11=Ture, H11=False, M11=False 0.538 0.462

accident due to the collision between the two vessels is
96.23%. Other conditions remain unchanged. When the
improper lookout of H1 is F, scenario Sl increases to
88.32% in the optimistic direction, scenario S2, but the
occurrence probability of scenario node S6 is 94.11%,
showing little change. When H2 is F, S6 is reduced to
87.38%. If M2 is adopted simultaneously, S3 is increased
to 49.19%, and S6 is reduced to 83%. When H4 is F,
the probability of S6 is 93.33%. If the corresponding
emergency measure M4 is taken simultaneously, the
probability of S6 is 89.43%. Other conditions remain
unchanged, H1, H2, and H3 are all F, and corresponding
emergency measures are taken to reduce the occurrence
probability of S6 to 51.68% (Fig. 8). It can be seen
that errors in hazard judgment/decision-making pose a
significant risk to collisions. The incidence of collision
oil spills can be effectively reduced if crew members’
human errors in the formation of collision avoidance
behavior are reduced at all stages of the process. In
addition, it is essential to note that effective avoidance
behavior also requires early and timely.

e H1
[T1o0.00.
F 0.00%

From the result data, we can find that the scenarios
with the highest probability of occurrence are collision
oil spill (S6), continued oil leakage (S7), fire spreading
and explosion (S11), and pollution spreading to the sea
(S9), with probabilities of 96.23%, 87.5%, 74.99%, and
70.66% respectively. Since the cargo of the oil tanker
Sanchi is condensate, which is highly flammable,
explosive, and toxic, and the cargo volume is 136,000
tons, the probability of secondary disasters is high.
It can be seen that the results of the extrapolation by the
BN in this paper are consistent with the actual situation.

The development stage of the accident. After the
incident, another condition is unchanged; the probability
of scenario S6 toward the pessimistic direction of
scenario S11 is reduced by 11.7% if the ship’s enterprise
has a primary emergency management mechanism and
emergency plan (H6 = False). At the same time, the
crew actively isolates the spilled oil from contacting
the cargo source (M6 = Ture). Other things being equal,
the probability of scenario S7 towards the promising
direction of scenario S8 increases by 30.11% when

] 81

Hy |T 70.68%
68 00%] F 20 32%

Fa200%|) -

=] o7 - 58

T38.79%|
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[T74.00%|
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= Ha (] M3
[T61.75%) [T88.48%|
F 38.25%) IF11.52%] =
il =) o o s10
B3BTH TE 67
45,335 : IF 46 33% |
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51.61%] i 51.61%)| |
F 48 3% = 48.39% (1

Fig. 7. State the probability of each node variable for the oil spill accident of “Sanchi” .
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[T 100.00.
F0.00%]

T100.00
F  0.00%|

|T 67.03%|
IF 32.07%§ =

Fig. 8. Probability diagram when H1, H2 and H3 are F and M1, M2 and M3 are T.

the crew has adequate emergency response training
(H7 = False). Other things being equal, the probability
of scenario S9 occurring in the promising direction of
scenario S10 increases by 24.08% when the oil spill
response team and material response are adequate
(H9 = False). Other things being equal, the probability
of scenario S11 occurring in the promising direction of
scenario S12 increased by 13.87% when the crew had
adequate emergency response training and emergency
response drills (H11 = False). Hence, it can be seen that
during the accident development stage, the emergency
measures of ship enterprises generally prefer to send
alarm signals and evacuate people to reduce the danger
from secondary hazards. Furthermore, maritime
departments tend to clean up and pump oil operations for
oil spill accidents. Regarding human factors, emphasis
should be placed on emergency training for crew
members and strengthening emergency drills, which
will help enhance the response capability to oil spill
accidents and secondary disasters. At the same time to
cope with such unconventional major oil spill accidents,
relevant departments should grow the emergency rescue
team and improve the reserve of materials to ensure
that the scope of pollution impact can be controlled
effectively in time.

Conclusion

From the perspective of “scenario-response”
research, this paper adopts the knowledge meta-theory
as the basis to express the scenario evolution of major
oil tanker collision and oil spill accidents at sea by using
four types of knowledge meta-elements: “scenario state,
human factors, emergency measures, and emergency
goals.” It not only clearly represents the key elements
that affect the occurrence of such a disaster, but also
visually describes the evolution of the scenario in the
accident and derives all possible scenario evolution
paths in the emergency response process.

Considering that an oil spill from a tanker in
a ship-ship collision is different from other types of

marine oil spill accidents, the scenario of this accident
is represented as the “oil spill prevention phase-
development phase — disappearance phase.” BNs are
used to quantify the risk factors in the accident, and
time nodes are added. The DBN allows for continuity in
the extrapolation process.

The empirical application analysis shows that
the extrapolation results of the constructed scenario
evolution model of tanker oil spill accident in a ship-
ship collision can accurately reflect the actual situation
and can be used to sort out the whole process of oil spill
accident in a tanker collision. The scenario evolution
can predict the most likely scenario in the next moment,
which helps emergency decision makers to grasp the
evolution path of marine emergencies and predict the
probability of derivative disasters to make scientific
emergency decisions and effective emergency measures
as early as possible. In addition, it also helps ship
enterprises and crew members to clearly understand the
human-centered risk elements so that they can make
scientific emergency decisions and effective emergency
measures as early as possible to reduce unsafe human
behaviors and improve the safety level of tanker marine
transportation.

Since such major oil spill accidents are
unconventional emergencies, there is the problem of
insufficient information. Although expert judgment
and fuzzy mathematics are adopted to quantify
some elements’ a priori probability and conditional
probability, the influencing factors of the evolution
process of oil tanker collision and oil spill accidents are
complex and diverse. The subsequent research can use
IoT technology to optimize the parameters of each node
of the BN model’s parameters to improve the quasi-
accuracy of this model data.
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