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Abstract: Water transportation accidents have occurred frequently in recent years. In order to improve
the emergency response capability of water transportation systems under traffic-intensive conditions,
this paper identifies and analyzes the vulnerability in traffic-intensive areas of water transportation
systems. Firstly, the vulnerability identification model was constructed based on the analysis of
characteristics and the vulnerability-influencing factors of water transportation systems. The newly
proposed model is composed of three parts including the DEMATEL (Decision Making Trial and
Evaluation Laboratory) method, ISM (interpretative structural modeling) model, and AHP (Analytic
Hierarchy Process)—entropy weight method. Finally, a case study of the Yangtze River was conducted
to test the logicality and feasibility of the proposed model. The research results reveal that traffic
flow density, ship traffic, tides, fog, and bad weather are the key factors affecting the vulnerability of
water transportation in traffic-intensive areas of the Yangtze River estuary. However, the influence
of navigation aid configuration, berth, anchorage, and obstruction on the system vulnerability is
relatively lower. The findings of this study can provide helpful references for maritime administration
authorities on the management of water transportation safety.
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1. Introduction

In recent years, water transportation has rapidly developed in China. According to the data of
the Ministry of Transport of China, inland water navigation mileage is up to 1.27 million kilometers,
and there are 1.45 million transport vessels in China at the end of 2017 [1]. With more and more traffic
flow, water system accidents occur frequently, especially in the harsh navigation environments and
complicated meteorological conditions. In 2017 only, there were 96 waterborne traffic accidents [1].
Traffic-intensive areas of water transportation systems have become the areas with a high incidence
of accidents [2,3]. Traffic congestion and traffic accidents occur frequently in traffic-intensive areas,
which not only cause huge economic losses for shipping companies and countries, but also have an
immeasurable impact on the water environment. The safety of traffic-intensive areas has attracted the
attention of the relevant managing department and researchers [4-6]. In order to identify safety concerns
in advance and improve the safety of the water transportation system, this paper seeks to identify and
analyze the vulnerability factors in traffic-intensive areas of the water transportation system.

The concept of vulnerability was first put forward and taken into practice by Adger in the natural
science field [7]. Transport specialists began to study the vulnerability of the transportation network.
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Sun et al. adopted an urban rail transit network model in a complex system to simulate separate attack
strategies and sequential attack strategies, and used average connectivity efficiency as a criterion for
judging network vulnerability [8]. Deng et al. used network theory, failure mode effects and critical
analysis methods to analyze the vulnerability of the subway system [9]. Jenelius and Mattsson defined
the concept of road traffic network vulnerability, and proposed quantitative analysis indicators and
algorithms [10]. Kamissoko et al. proposed a general framework for vulnerability analysis of complex
systems of infrastructure network from both static and dynamic perspectives. Then, they performed
vulnerability assessment through simulation techniques and performed brittleness analysis on decision
support systems [11]. Mattsson and Jenelius discussed the latest research status of the vulnerability of
transportation systems and proposed a topological traffic network vulnerability analysis model based
on traditional graph theory [12]. Fang et al. proposed a new quantitative evaluation method based on
road network vulnerability by using the vulnerability data of an origin-destination toll station highway
network [13]. Voltes-Dorta et al. analyzed the vulnerability of the European air transport network to
major airport closures from the perspective of the delays imposed to disrupted airline passengers [14].

As the complexity and systematisms of the transportation system were gradually recognized,
complex network theory and system engineering theory were applied to study the vulnerability
of the transportation system. Sun and Guan measured the metro network vulnerability from the
perspective of line operation by taking the Shanghai metro network as a case study [15]. Xing et al.
quantitatively evaluated the vulnerability of the metro network to different failures or attacks from a
networking perspective [16]. Hong et al. proposed a vulnerability model of complementary urban
public transportation systems composed of bus systems and subway systems, with the consideration
of passengers’ intermodal transfer distance preference to capture different levels of complementary
strength between the two systems [17]. Zhang et al. analyzed the networked characteristics of
three metro networks, and two malicious attacks were employed to investigate the vulnerability of
metro networks based on connectivity vulnerability and functionality vulnerability [18]. Sun et al.
quantitatively analyzed statistical topology parameters of the Beijing rail transit network based on
complex network theory [19]. Ma et al. examined the impact of rainstorms on the vulnerability
of urban—public transport systems consisting of both ground bus and metro systems, which was
abstracted into an undirected weighted Bus-Metro complex bilayer network (Bus—-Metro CBN) and the
passenger volume was regarded as its weight [20].

From the above literature review it can be seen that the vulnerability of transportation systems
has been a highlight in the past. Some studies recognized that complex network theory and system
engineering theory could handle the vulnerability problems. However, the vulnerability of the water
transportation system has rarely been studied, especially in traffic-intensive areas. Therefore, this
paper focuses on integrating system engineering theory to identify the key vulnerabilities of the water
transportation system. Vulnerability factors are characterized by concealment and ambiguity, and the
occurrence of an intensive water accident is generally a small probability event, which makes it difficult
to study the vulnerability by using actual data. There are inevitable difficulties and errors in the
collection of vulnerability factors. To overcome these challenges, this paper develops a novel model by
combining the DEMATEL (Decision Making Trial and Evaluation Laboratory), the ISM (Interpretative
Structural Modeling) model, and the AHP (Analytic Hierarchy Process)—entropy weight method for
analyzing vulnerabilities of water transportation systems, especially in traffic-intensive areas. The
analytical model and method proposed in this paper can integrate the mutual influence degree of the
internal structural vulnerability factors of the water transportation system. Further, this method can
identify the key vulnerability factors in traffic-intensive areas of the water transportation system.

The rest of this paper is organized as follows. Section 2 establishes the vulnerability identification
model. Section 3 describes modeling methods in detail. Section 4 presents a typical case of the Yangtze
River estuary to illustrate the application of the proposed model. Finally, Section 5 concludes this
study and discusses the limitations and future work.
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2. Establishment of the Vulnerability Identification Model

2.1. Definition of Water Transportation Vulnerability

The research on vulnerability first appeared in the field of natural disasters [7]. Now,
the vulnerability refers to a system S that is a subsystem or a part of Si, which is sensitive to
the environment. When Si is disturbed by internal or external factors or attacks, it will cause other
parts or subsystems to collapse, which may cause the entire network to collapse. The definition of
vulnerability includes the role of internal factors in the system, and the vulnerability of the system to
the external environment [21].

Based on the basic theory of vulnerability, this paper defines the vulnerability of the water
transportation system in traffic-intensive waters as the possibility that the vulnerability factor is subject
to the disturbance factor and thus exposed to the unfavorable situation. Meanwhile, the system has a
certain resistance to the vulnerability of the disturbance until the resilience reaches a limit. After the
limit, it will cause the collapse of the water transportation system. In this paper, the definition of the
mechanism of vulnerability is mainly considered from three aspects: exposure, susceptibility, and stress
resistance. Among these, exposure refers to the degree of influence of the water transportation system
itself under the disturbance factor. Susceptibility refers to the lack of effective anti-interference. The
anti-stress ability of the water transportation system, or the system structure and operation mechanism,
do not change substantially under disturbance. Stress resistance refers to the ability of the system to
self-adjust when faced with internal and external disturbances. The mechanism of the vulnerability of
the water transportation system in traffic-intensive waters studied is shown in Figure 1.
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Figure 1. Water transportation system vulnerability mechanism.
2.2. Characteristics of Traffic-Intensive Areas of the Water Transportation System

Owing to the coupling of multiple factors, ship navigation accidents occur frequently. Previous
studies have indicated that ship accidents are closely connected to traffic-intensive areas [22,23].
Therefore, it is meaningful to analyze the characteristics of traffic-intensive areas of water transportation
systems, and it is also beneficial to identify the key vulnerability factors affecting the water transportation
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system. The traffic flow intensive water transportation system mainly includes the following
characteristics, as shown in Table 1.

Table 1. Characteristics of traffic-intensive areas of the water transportation system.

Number Characteristics Researchers Key Factors

Ship traffic flow is heavy and it is

easy to generate conflicts in ship Zhang et al. [24],

flow. The scope of ship conflictis  Yip [25], Mou et al. [26]
wide.

ship traffic flow

The density of ships is high and

the number of encounters is high.

It is difficult for the ship to sail Zhang et al. [24], ship traffic flow,
freely to avoid various urgent Mou et al. [26] shipping environment
situations, and the risk of collision

is high.

The flow of ship traffic is
complicated and difficult to
operate well, and it is prone to
secondary accidents.

Wu et al. [27] ship traffic flow

The navigation conditions of the

water are complicated, and the Wu et al. [27], Shipping environment,
range of collision avoidance and Kujala et al. [28] shipping service
rotation is small.

The transportation network
structure is complex, the flight
5 lines are staggered, and the ship’s  Zhang et al. [29]
organizational structure and
speed are relatively scattered.

Shipping environment,
shipping service

In conclusion, the characteristics of flow intensive waters are closely related to ship traffic flow,
shipping environment, and shipping service. Thus, the vulnerability factors in traffic-intensive areas of
water transportation systems are divided into three subsystems: ship traffic flow, shipping environment,
and shipping service.

2.3. Analysis of Vulnerability Factors in Traffic-Intensive Areas of Water Transportation Systems

On the basis of Section 2.2, the vulnerability factors in traffic-intensive areas of water transportation
systems were divided into three subsystems: ship traffic flow, shipping environment, and shipping
service, as shown in Figure 2. The ship traffic flow subsystem includes traffic flow density, ship
traffic volume, ship airworthiness, ship type, and ship tonnage. The shipping environment subsystem
includes wind, waves, tides, currents, fogs, navigational scales, navigation aids, berths, anchorages,
and obstacles. The shipping service includes the management department and regulatory system.
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Vulnerability in traffic-intensive
areas of water transportation system

Ship traffic flow Shipping environment Shipping service

T T1 [TTTITITTTl [l

—
’7

}_
}7

=
29 = i 2 oo
sl B | = gl |z = o
:ﬁ"jﬁ w2 3| |8 OUQ ]
Oq;\amg U'-Q'“{ :DO..% =
.—l (S =
= (& 3] 15 [2] |22 1218 =525 |2 |e |8 |3 |&
= ari [ Sl ol | =
2| |o| || |<] |8 a<§§m:g'&9,g ;:\2
c:..<:="."c$—' = e = &:—'O%Q.o ™
al |2 |2 | 6] |f AR ol 18] | P
S =] |2 [¢] ol | = = 5 =+
2 |5l | & Bl = o)
Qam w 3 =
o
—
=

Figure 2. Vulnerability factors of a water transportation system in traffic-intensive waters.

2.4. Construction of the Vulnerability Identification Model

This paper combines DEMATEL, ISM, and the AHP-entropy weight method, and uses subjective
and objective weighting methods to construct a new identification model for the vulnerability of
traffic-intensive areas of water transportation systems, as shown in Figure 3.

The construction of the model is described as follows.

Firstly, the DEMATEL method was used to construct the overall influence matrix of the vulnerability
factors of the water transportation system, which could reflect the comprehensive influence relationship
between the factors. The DEMATEL method is often used for problem-solving between influencing
factors, and can analyze the comprehensive influence relationship between factors [30,31].

Secondly, a vulnerability factor hierarchy that improves the interpretation of the structural
model was generated. The ISM was used for the reprocessing of complex systems to implement a
multi-level structural model that can visually characterize the hierarchical relationship of vulnerability
factors [32,33]. The ISM model can decompose a complex water transportation system into multiple
subsystems or factors, and uses computer aids to construct a multi-level hierarchical network structure
model. Thus, this paper used the ISM model to realize the vulnerability analysis of multi-objective and
multi-factor aspects of water transportation systems.

Thirdly, the key vulnerability factor was extracted based on the AHP and entropy weight
combination model. The network hierarchy of the vulnerability factor of the navigation system is
influenced by subjective and objective aspects. With consideration of subjective and objective factors,
the entropy weight method was applied to the AHP algorithm, constructing a new vulnerability factor
identification method. This combination model could compensate for the shortcomings caused by
AHP’s subjective empowerment and identification capabilities, and formed a complementary role
between theories. The AHP can realize the analysis of the weight of the hierarchical network structure,
subdivide the complex multi-factor problem into multiple-level classes, and then use the weighting
method to obtain the weight of the lowest-level vulnerability factor [34,35]. The entropy weight
method is a theoretical method based on objective weighting [36]. According to the information theory,
if the degree of difference in an index is greater, the recognition effect of the entropy weight method
is improved, which is in accord with the case of the vulnerability index of the water transportation
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system. Thus, this paper uses the AHP weight calculation and entropy weight calculation to obtain the

weighting order of vulnerability factors.

Finally, after combining the above three operational steps, the key vulnerability factors were
extracted, completing the identification model of the vulnerability factors of the new traffic flow

intensive water navigation system.
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Figure 3. Vulnerability model of a water transportation system in traffic-intensive waters.

3. Methodology

3.1. DEMATEL Method

The formulation method is as follows. The fuzzy comprehensive analysis method was used to
determine the vulnerability factors of the navigation system, and then the direct influence matrix M of
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the vulnerability factor of the navigation system was generated by the factor assignment. The direct
influence matrix M was standardized and the standardized direct influence matrix, N, was obtained.
The overall impact matrix A of the vulnerability factor of the navigation system was obtained.

We used the expert scoring method to screen the factors affecting the vulnerability of the navigation
system, and then determine the vulnerability factors through fuzzy comprehensive analysis. According
to the vulnerabilities of the traffic flow in dense waters, as shown in Figure 2, the construction factor set
u={uy, up,... uyy}. Asfollows: u; (traffic flow density), u, (ship traffic volume), u3 (ship airworthiness),
14 (ship type), us (ship tonnage), ug (wind), uy (wave), ug (tidal), ug (current), 1y (fog), 111 (navigational
scale), u1p (navigation aid), u13 (berth), u14 (anchorage), u;5 (obstacle), 114 (management department),
and u17 (regulatory system). Among them, u;1—us5 belong to the ship traffic flow subsystem, ug—u15
belong to the navigation environment subsystem, and u1¢-117 belong to the shipping service subsystem.

(1) Factor assignment

Based on the identified factors affecting vulnerability, the expert group assessed the relationship
between each vulnerability factor and its impact. Where the expert believed that m; and m; have no
effect, the m; and m; influence values were recorded as 0. Where the expert believed that m; and m;
have a marginal level of influence, the m; and m; influence values were recorded as 1. Further, where
the expert considered that m; and m; have an average level of influence, the m; and m; influence values
were recorded as 2. Otherwise, if m; and m; were considered to have a substantial level of influence,
the m; and m; influence values were recorded as 3.

0-No influence
1-Have a certain influence

- 1
ij 2-Have a great influence @
3-Have a awesome influence
(2) Standardized direct influence matrix N
1
N=——M @)
max y, mj;
1<i<b El g

(3) Reachability matrix of vulnerable factors

Due to the indirect impact between the vulnerability factors, the comprehensive impact matrix
is equal to the sum of the direct impact matrix and the indirect impact matrix. On the basis of the
comprehensive impact matrix, considering the unit matrix of the matrix itself, the overall impact matrix
A of the vulnerability factor of the water transportation system is derived.

A =P+I

:}1_1301\11—1@1{,‘1 +1

3
= N({I-N)"'+1 ®

- [Cij]bxb +1

Given a fixed threshold f, B is assigned a value of 0.2, then the reachability matrix F of the
vulnerability factor is obtained: F = L fl]J b

0,a;;i

1,6!1']' > ﬁ
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According to Equations (2)—(5), the reachability matrix F of the vulnerability factor of the water
transportation system was obtained.

3.2. ISM Model

The basic idea of the ISM model is to screen out the main factors that constitute the vulnerability
of the water transportation system through expert discussions and questionnaires, and subsequently
use the matrix of vulnerability factors and the adjacent matrix of directed graphs to identify the main
vulnerabilities and the relationship between their effects. Through language description and definition
of the network structure level of the vulnerability factors, the realization of the vulnerability and
understanding of the problem were achieved.

The reachability matrix of the vulnerability factor can be divided into two parts: driving force and
dependence. In the reachability matrix F of the vulnerability factor, the value of the driving force D; is
equal to the sum of the values of the elements of each row, and the value of the dependency R; is equal
to the sum of the values of the elements of each column.

b

Di=)Y fili=12...... ,b) ®)
j=1
b

RjZXﬂj(j:1,2 ...... ,b) 6)
=1

Through the ISM model, the driving force and dependence of each vulnerability factor were
obtained by cross-impact matrix multiplication (MICMAC), and the reclassification of vulnerability
factors was realized [37].

3.3. AHP-Entropy Weight Method

The AHP-entropy weight method was used to assign different weights to the influence degree of
the vulnerabilities of the water transportation system, and then the index of the vulnerability factors of
the hierarchical network was sorted in order to select the key impact factors of the vulnerability factors.

(1) Build a judgment matrix

The overall influence matrix calculated by Equation (3) was subjectively judged from the lowest
level of vulnerability factors to the highest level, and then the method of pairwise alignment was used
to construct the judgment matrix W = (w;j)pxp, Where w;; is derived from the proportional scale method
and b is the estimated quantity.

(2) Calculate the weight matrix U of each vulnerability factor

The calculation formula of the weight matrix U of each vulnerability factor is as follows.

x(j, d)
b 7

L (x,d)

i=1

Uapp_y = j=1,...... b @)

The weight matrix of the jth vulnerability factor is as shown in Equation (7), where x is the
eigenvector matrix of matrix M and 4 is the column of its largest eigenvalue.

(3) Combine weight based on entropy weighting method
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The vulnerability factor indicator differentiation coefficient is E, the specific calculation formula
is as follows.

b
E]'=1 +kZ NijlnBij (8)
i

Using the entropy method and combining it with Equation (8), the difference coefficient value
of the jth vulnerability factor index was obtained, k = 1/Inb. The final calculated weight value is
determined by Equation (5).

U] = UAHp_]'XEj,jZ 1,2...... ,b (9)

After using the AHP method to obtain the weighted value of the vulnerability factor, the weights
obtained were adjusted by Equation (9) to obtain the final weight value, and then the key vulnerability
factors affecting the water transportation systems were identified.

(4) Rank vulnerability factor

According to the results from Step (3), the vulnerability factor rankings were conducted.
4. Case Study

4.1. Background Information

Based on the above vulnerability identification model, the Yangtze River estuary was taken as
the case study. The Yangtze River estuary is a traffic-intensive area. It covers a wide area from the
Yangtze River estuary anchorage in the east, Taicang anchorage in the west, Shanghai Port in the south,
and ports and waters in the north of Jiangsu, as shown in Figure 4.

Erer
1 : 483733 ENC | NOM SCL O UnAuto Menu

ol
Figure 4. The Yangtze River estuary (This figure was produced by HTA-ES5000 Electronic Chart
Simulator (ED001, Dalian, CHINA).
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4.2. Vulnerability Analysis in Traffic-Intensive Areas of the Yangtze River Estuary

4.2.1. Overall Impact of Vulnerability Factor Matrix A and Vulnerability Factor Reachability Matrix F

By combining field investigation and a questionnaire survey, the factors influencing the
vulnerability of the ship water transportation system were set up. The survey was conducted
with experts, including professors, captains, and supervisors in the field of water transport safety.
Experts filled out the questionnaire according to the degree of influence between the vulnerability
factors. There were 900 questionnaires distributed and 865 were returned (response rate of 96.1%).
As shown in Table 2, and as demonstrated by the demographic characteristics, the proportion of experts
from age 18 to 60 was as high as 99.77%; all the experts were professional staff, teachers and students;
17.92% were shipping company managers, and 17.34% were sea pilots. The experts’ education level
was high, with 100% of them having an undergraduate or above education background.

Table 2. Demographic data of experts interviewed.

Variable Description Frequency Percentage (n = 865):%
18-30 years 346 40.00
Ace 3045 years 324 37.46
8 45-60 years 193 2231
>60 years 2 0.23
Professor 20 2.31
Research assistant 35 4.05
Associate Professor 45 5.20
Captain 80 9.25
Occupation Chief ofﬁc.er 80 9.25
Second officer 100 11.56
Third officer 100 11.56
Sea Pilot 150 17.34
Shipping company 155 17.92
manager
Maritime organizations 100 11.56
Doctor 66 7.64
Education level Master 120 13.87
Bachelor 679 78.49

The results of the questionnaire survey are presented as follows.
(1) Factor assignment

(1 23 2222232111211 1]
2121111221111 1111
3212211332111 111S3
21212222211213333
212211022112112233
2112111332222211732
2112011311111 1123
223223313211 12222
M=|{32322313122121113
212112122121 12211
1 11112112210001T171
111222111101 00111
11111211210011111
21131212120011111
1113211212111 1121
1113312211111 1211
1133323231111 1111]|
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(2) Standardized direct influence matrix N

[ 0.0294 0.0588 0.0882 0.0588 0.0588 0.0588 0.0588 0.0588 0.0882 0.0588 0.0294 0.0294 0.0294 0.0588 0.0294 0.0294 0.0294 ]
0.0588 0.0294 0.0588 0.0294 0.0294 0.0294 0.0294 0.0588 0.0588 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294
0.0882 0.0588 0.0294 0.0588 0.0588 0.0294 0.0294 0.0882 0.0882 0.0588 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0882
0.0588 0.0294 0.0588 0.0294 0.0588 0.0588 0.0588 0.0588 0.0588 0.0294 0.0294 0.0588 0.0294 0.0882 0.0882 0.0882 0.0882
0.0588 0.0294 0.0588 0.0588 0.0294 0.0294 0  0.0588 0.0588 0.0294 0.0294 0.0588 0.0294 0.0294 0.0588 0.0882 0.0882
0.0588 0.0294 0.0294 0.0588 0.0294 0.0294 0.0294 0.0882 0.0882 0.0588 0.0588 0.0588 0.0588 0.0588 0.0294 0 0.0588
0.0588 0.0294 0.0294 0.0588 0  0.0294 0.0294 0.0882 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0588 0.0882
0.0588 0.0588 0.0882 0.0588 0.0588 0.0882 0.0882 0.0294 0.0882 0.0588 0.0294 0.0294 0.0294 0.0588 0.0588 0.0588 0.0588

N = 0.08820.0588 0.0882 0.0588 0.0588 0.0882 0.0294 0.0882 0.0294 0.0588 0.0588 0.0294 0.0588 0.0294 0.0294 0.0294 0.0882
0.0588 0.0294 0.0588 0.0294 0.0294 0.0588 0.0294 0.0588 0.0588 0.0294 0.0588 0.0294 0.0294 0.0588 0.0588 0.0294 0.0294
0.0294 0.0294 0.0294 0.0294 0.0294 0.0588 0.0294 0.0294 0.0588 0.0588 0.0294 0 0 0 0.0294 0.0294 0.0294
0.0294 0.0294 0.0294 0.0588 0.0588 0.0588 0.0294 0.0294 0.0294 0.0294 0 0.0294 O 0 0.0294 0.0294 0.0294
0.0294 0.0294 0.0294 0.0294 0.0294 0.0588 0.0294 0.0294 0.0588 0.0294 0 0 0.0294 0.0294 0.0294 0.0294 0.0294
0.0588 0.0294 0.0294 0.0882 0.0294 0.0588 0.0294 0.0588 0.0294 0.0588 0 0 0.0294 0.0294 0.0294 0.0294 0.0294
0.0294 0.0294 0.0294 0.0882 0.0588 0.0294 0.0294 0.0588 0.0294 0.0588 0.0294 0.0294 0.0294 0.0294 0.0294 0.0588 0.0294
0.0294 0.0294 0.0294 0.0882 0.0882 0.0294 0.0588 0.0588 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0588 0.0294 0.0294

| 0.0294 0.0294 0.0882 0.0882 0.0882 0.0588 0.0882 0.0588 0.0882 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 0.0294 |

(3) Reachability matrix of vulnerable factors

[ 1.2344 0.2048 0.2924 0.2783 0.2414 0.2554 0.2161 0.2938 0.3149 0.2283 0.1505 0.1498 0.1499 0.2087 0.1863 0.1855 0.2371
0.2049 1.1365 0.2084 0.1893 0.1641 0.1732 0.1458 0.2272 0.2245 0.1532 0.1164 0.1156 0.1159 0.1376 0.1423 0.1419 0.1776
0.2925 0.2084 1.2454 0.2834 0.2496 0.2334 0.1958 0.3241 0.3224 0.2308 0.1530 0.1523 0.1515 0.1836 0.1901 0.1895 0.2956
0.2787 0.1895 0.2836 1.2820 0.2673 0.2753 0.2373 0.3172 0.3079 0.2174 0.1604 0.1914 0.1614 0.2517 0.2613 0.2616 0.3119
0.2420 0.1644 0.2500 0.2675 1.2087 0.2126 0.1525 0.2728 0.2696 0.1857 0.1396 0.1705 0.1391 0.1675 0.2056 0.2331 0.2746
0.2498 0.1688 0.2276 0.2671 0.2051 1.2229 0.1832 0.3065 0.3051 0.2210 0.1723 0.1706 0.1717 0.2013 0.1784 0.1483 0.2517
0.2164 0.1459 0.1960 0.2374 0.1523 0.1890 1.1644 0.2719 0.2134 0.1642 0.1244 0.1248 0.1240 0.1509 0.1562 0.1837 0.2486
0.2939 0.2271 0.3240 0.3167 0.2721 0.3137 0.2715 1.3043 0.3509 0.2553 0.1705 0.1700 0.1698 0.2326 0.2398 0.2391 0.2982

A = 0.31470.2242 0.3220 0.3071 0.2687 0.3111 0.2128 0.3506 1.2946 0.2511 0.1952 0.1659 0.1937 0.2007 0.2068 0.2045 0.3181
0.2283 0.1531 0.2306 0.2170 0.1852 0.2258 0.1638 0.2552 0.2512 1.1754 0.1602 0.1292 0.1302 0.1844 0.1897 0.1596 0.2005
0.1505 0.1162 0.1528 0.1600 0.1392 0.1759 0.1241 0.1704 0.1953 0.1602 1.1052 0.0732 0.0728 0.0906 0.1234 0.1213 0.1521
0.1498 0.1155 0.1522 0.1911 0.1701 0.1744 0.1245 0.1699 0.1660 0.1292 0.0732 1.1056 0.0721 0.0917 0.1255 0.1252 0.1542
0.1499 0.1158 0.1514 0.1610 0.1386 0.1753 0.1237 0.1697 0.1938 0.1302 0.0728 0.0721 1.1028 0.1198 0.1221 0.1209 0.1516
0.2087 0.1375 0.1835 0.2513 0.1670 0.2057 0.1506 0.2326 0.2008 0.1844 0.0907 0.0917 0.1198 1.1471 0.1495 0.1475 0.1822
0.1867 0.1425 0.1903 0.2614 0.2055 0.1843 0.1562 0.2402 0.2074 0.1900 0.1237 0.1258 0.1224 0.1499 1.1578 0.1860 0.1908
0.1932 0.1470 0.1965 0.2696 0.2391 0.1893 0.1892 0.2485 0.2140 0.1664 0.1266 0.1305 0.1262 0.1537 0.1913 1.1648 0.2000

| 0.23720.1775 0.2955 0.3115 0.2741 0.2575 0.2482 0.2981 0.3183 0.2005 0.1522 0.1542 0.1516 0.1823 0.1904 0.1923 1.2452

According to Equations (2)—(4), the reachability matrix F of the vulnerability factor of the water
transportation system of the Yangtze River estuary was obtained, as shown in Table 3.

Table 3. Reachability matrix F of vulnerability factors.

factor u1 uz us Uy us Ug uz ug U9 uio U1 ui2 ui3 Uig uis Uie ui7 D
ww 1 1 1 1 1 1 1 1 1 1 0 o0 O0 1 o0 0 1 12
w 1 1 1 0 o O0 0 1 O0 O 0O 0O 0 0 0 0 0 4
w3 1 1 1 1 1 1 o0 1 1 1 1 0 ©0 0 0 ©0 1 11
w 1 o0 1 1 1 1 1 1 1 1 o0 o0 O0 1 1 1 1 13
ws 1 o0 1 1 1 1 o 1 1 o0 O o0 0 0 1 1 1 10
4w 1 o 1 1 1 1 o 1 1 1 o0 ©O0 0 1 0 O0 1 10
w3 1 0 o0 1 o o0 1 1 1 ©0 0 0 0 0 0 0 1 6
wg 1 1 1 1 1 1 1 1 1 1 o0 o0 O0 1 1 1 1 14
w 1 1 1 1 1 1 1 1 1 1 o0 o0 O0 1 1 1 1 14
v 1 O 1 1 o0 1 o0 1 1 1 ©O0 0 o0 O 0 o0 1 8
vy O O O O O O OoO O 0 o 1 0 0 0 0 0 0 1
wp O O O O O O o0 O O o0 O 1 0 0 0 0 0 1
w3y O O O O O O o O O O O O 1 0 0 0 o0 1
w4 1 O o0 1 o0 1 o0 1 1 0 O 0 0 1 0 0 0 6
wms O O o 1 1 o o0 1 1 0 O 0 0o 0 1 0 0 5
weg O O O 1 1 o0 o0 1 1 o0 ©0 0 0 0 0 1 1 6
w; 1 0o 1 1 1 1 1 1 1 1 o0 0 0 0 ©0 0 1 10
R 12 5 10 13 10 10 6 13 13 8 2 1 1 6 5 5 11
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4.2.2. Building the Driving Force—Dependency Network Level

According to the driving force and dependence of the vulnerability factors in Table 3, the social
network processing tool UCINET software was used to draw the network diagram of the vulnerability
factors of the traffic flow intensive water transportation system, and generate the net format [38].
As UCINET software cannot show the thickness of the lines between nodes, Gephi visual complex
network processing software was used to reprocess the net format [39]. After inputting the weight
value, structural relationship, and node attribute of the vulnerability factor, the relationship diagram
of the vulnerability factors of the traffic flow in the dense waters were generated, as shown in Figure 5.

Endogenous layer U3« »Ud »U5
P - .
Connected layer u12 u13 glt_l vis
'
Dependent layer us: Uil
4 N e
¥ $ 4 % i ,.,ﬂ;, % / v
Independent layerUl% . 0Z% U6 U7« U9« Uio. 0167

Figure 5. Relationship diagram of vulnerability factors of traffic flow in dense waters.

As shown in Figure 5, the vulnerability factors (u1—u17) are divided into four layers in the ISM.
The circle represents the vulnerability factor, the circle size represents the weight of the vulnerability
factor, and the line thickness represents the strength between the factors. The vulnerability factors of
traffic flow in dense waters are divided into four structural network levels: endogenous, connected,
dependent, and independent. The endogenous layer is divided into ship airworthiness (u3), ship type
(14), and ship tonnage (u5). These three vulnerability factors are derived from the intrinsic mechanism
and the risk induction of the water transportation system is relatively independent. The connected
layer includes a navigation aid (u1,), berth (u13), anchorage (u14), and obstacle (u15). These four
vulnerability factors are in the upper and lower positions of the ISM. The stability is relatively poor
and easily overcomes the influence of external factors on the system. The dependent layer includes the
tidal (ug) and navigational scale (117), which are the two most direct factors for the vulnerability of
the water transportation system. The independent layer includes traffic flow density (u1), ship traffic
volume (uy), wind (ug), waves (u7), current (u9), fog (119), the management department (114), and the
regulatory system (u17). These factors are the most fundamental factors affecting the vulnerability of
water transportation systems.

4.2.3. Screening of Key Factors of Vulnerability of Water Transportation System Based on the
AHP-Entropy Method

After using the AHP method to obtain the weighted value of the vulnerability factor, the weights
obtained were adjusted by Equation (9) to obtain the final weight value, and then the key vulnerability
factors affecting the water transportation system were identified. The ranking of the vulnerability
factors is shown in Table 4.
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Table 4. Weighted ranking of vulnerability factors.

Variable Factors 3::1(1)(}:(}1’ wz:g;‘: AHP Weight C‘(')\;::gcl:(zd Rank
Uy Traffic flow density 0.0423 0.0782 0.0605 1
) Ship traffic volume 0.0435 0.0743 0.0604 2
us3 Ship airworthiness 0.0561 0.0568 0.0591 7
Uy Ship type 0.0609 0.0529 0.0586 9
Us Ship tonnage 0.0583 0.0527 0.0589 8
Ug Wind 0.0491 0.0690 0.0598 4
uy Wave 0.0511 0.0662 0.0596 5
ug Tidal 0.0435 0.0743 0.0604 2
Uy Current 0.0494 0.0688 0.0598 4
U109 Fog 0.0487 0.0675 0.0599 3
U1p Navigational scale 0.0525 0.0624 0.0595 6
U1y Navigation aid 0.0835 0.0404 0.0563 11
u13 Berth 0.0664 0.0489 0.0580 10
U14 Anchorage 0.0669 0.0506 0.0580 10
Ups Obstacle 0.0832 0.0406 0.0563 11
116 Management 0.0613 0.054 0.0586 9

department
uyy Regulatory system 0.0831 0.0402 0.0563 11

4.3. Discussion of the Results

Through the method proposed in this paper, the vulnerability in traffic-intensive areas of the
water transportation system of the Yangtze River estuary was identified and analyzed. According to
the results, traffic flow density, ship traffic volume, tides, fog, and other bad weather are the key factors
affecting the vulnerability of water transportation in traffic-intensive waters of the Yangtze River
estuary. Furthermore, the degree of importance of navigation aid, berth, anchorage, and obstacles is
relatively lower.

In conclusion, more attention should be paid to traffic flow density, ship traffic volume, and tides
during daily supervision in order to guarantee more reliable water transportation in the Yangtze River
estuary. Moreover, in fog, wind and other bad weather, security measures should be strengthened.

5. Conclusions

In order to avoid potential safety concerns in traffic-intensive areas of the water transportation
system, this paper proposes a definition of the vulnerability of a water transportation system. Then,
after analyzing characteristics and vulnerability factors in traffic-intensive areas of water transportation
systems, the vulnerability identification model was constructed, which combines the system engineering
theory of DEMATEL, ISM, and the AHP-entropy weight method. Lastly, this paper analyzed the case,
identification and analysis of vulnerabilities in traffic-intensive areas of the water transportation system
in the Yangtze River estuary, based on the vulnerability identification model. The research results prove
that in the Yangtze River estuary, the vulnerability factors of water transportation in traffic-intensive
waters could be divided into four levels: endogenous, dependent, connected, and independent.
Moreover, traffic flow density, ship traffic volume, tides, fog, and other bad weather are the key factors
affecting vulnerability. In addition, the influence of navigation aids, berth, anchorage, and obstacles on
vulnerability is relatively lower. The findings of this study are conducive for agencies to improve the
safety of the water transportation system.

It should be pointed out that the vulnerabilities of line and boundary of the water transportation
system have not been considered. In future studies, the specific line and boundary of the water
transportation system could be taken into consideration. Furthermore, the detail of strategies for
reducing vulnerability in traffic-intensive areas of water transportation system can be studied.
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