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Abstract: The Belt and Road has developed rapidly in recent years. Constructing a comprehensive
traffic network is conducive to promoting the development of the the Belt and Road. To optimize the
layout of the Belt and Road comprehensive traffic network, this paper identifies important cities. First,
a weighted super adjacency matrix is defined, which includes sea, air, railway transportation and
trans-shipment transportation between these transportation modes. With this matrix, the Belt and
Road comprehensive traffic network (B&RCTN) is constructed. To identify important node cities, this
paper proposes a method to calculate multi-layer centrality which considers inter-layer relationships.
With the results of the above four centrality indexes, the Entropy Weight TOPSIS is used to synthesize
the evaluation of the four indexes. Finally, the multi-layer comprehensive centrality rank of node
cities is obtained. Result shows that there are 72 important cities in B&RCTN. These important cities
are mainly distributed in the east and west of Eurasia. Eastern cities are located in East Asia and
Southeast Asia, including 36 cities such as Singapore, Shanghai, Guangzhou, Shenzhen and Hong
Kong. Western cities are concentrated in West Asia, Western Europe and North Africa along the
Mediterranean coast, including 31 cities such as Istanbul, Dubai, Vienna, Trieste and Koper. There are
few important cities in central Eurasia, except Almaty in Central Asia and Colombo in South Asia.
In addition, important cities also include Moscow in Eastern Europe, Lagos and Lome in West Africa.
Finally, based on the distribution of important cities, this paper puts forward some suggestions on
the development of the Belt and Road comprehensive transportation.

Keywords: the Belt and Road; comprehensive transportation; centrality; important node

1. Introduction

In recent years, the Belt and Road initiative has become a great endeavor to build
a community with a shared future for mankind. In the process of the Belt and Road con-
struction, the construction of the Belt and Road comprehensive traffic network con-necting
land, sea, and air is a practical demand to support its development [1]. The cities along
the line, as the node elements of transportation connection construction, are the basis of
the construction of the Belt and Road comprehensive traffic network [2]. Ex-ploring the
importance of node cities in the network is of great significance to the overall planning and
layout optimization of the Belt and Road comprehensive traffic network [3].

Currently, scholars have paid attention to countries in the Belt and Road, mainly
focused on studying their trade cooperation [4,5], economic situation [6], cultural ex-
changes [7], etc. With the in-depth promotion of the Belt and Road initiative, cities develop
in concert, and urban agglomeration patterns form. Some studies have focused on the
Belt and Road cities and urban agglomerations, studying their green development [8],
logistics capabilities [9], industrialization [10], industrial structure [11] and resilience [12].
Although the above studies promote exchanges and cooperation between cities along the
Belt and Road, there is little research on the comprehensive traffic system between cities.
All city interactions are based on their traffic connectivity, providing practical support for
cooperation between cities. Studying cities in the Belt and Road comprehensive traffic
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system is of great significance to the development of the Belt and Road. Therefore, some
scholars have studied the node cities on the Belt and Road sea transportation. Some studies
qualitatively evaluate cities” importance from policy and hardware facilities [13], etc. Some
references study the position of nodes in the traffic topology network based on complex
network theory and quantitatively evaluate the node significance of sea transport networks
by measuring the centrality of nodes [14].

The Belt and Road comprehensive traffic system involves sea transportation, air trans-
portation and railway transportation. Different transportation modes have different traffic
networks, and there are connections among them [15]. Therefore, the Belt and Road compre-
hensive traffic network shows the characteristics of a multi-layer heterogeneous network,
that is, there are not only intra-layer relations but also inter-layer relations in different
transport network layers [16]. At present, scholars have explored the identification of essen-
tial nodes in multi-layer heterogeneous networks, including the multi-layer urban traffic
network, a multi-layer social network, and a multi-layer neural network [17-21]. From the
perspective of research methods, some researchers combine nodes and edges with weight in
each layer, and the multi-layer heterogeneous network turns into a single-layer aggregate
network. Then, the significance of nodes is analyzed for network cascading failure by
removing nodes [22,23]. Others evaluate the significance of nodes by summing the centrali-
ties calculated in each layer. The commonly used centrality indexes for network analysis
are strength centrality [24,25], eigenvector centrality [26,27], closeness centrality [28], and
betweenness centrality [29].

The above studies have some common features, they only focus on intra-layer re-
lationships of multi-layer heterogeneous networks in node importance evaluation, the
evaluation systems of centrality indexes they adopted are not comprehensive, and they
directly follow the traditional centrality indexes. Different from previous studies, this study
not only focuses on the heterogeneity of multi-layer heterogeneous networks, but also
fully considers the information contained in the inter-layer relationship, which depicts
the actual traffic system more accurately. Meanwhile, this paper constructs the evaluation
system that includes multiple centrality indexes and improves each centrality index inno-
vatively according to the feature of the network, which can evaluate the traffic capacity
of nodes more comprehensively in a multi-dimensional way. In addition, cost is a cru-
cial factor in transportation activities [30,31], related studies mainly focus on the cost of
a single transportation mode, with little research on the cost of multiple transportation
modes in multi-layer heterogeneous traffic networks. This study considers cost as a critical
consideration, eliminating the differences between different modes to integrate multiple
modes better.

The following sections are arranged as follows. In Section 2.1, we explain the study
area and data source required for this paper in detail, and describe the overall situation of
the data. In Section 2.4, we show the technical route. In Section 2.3, based on traffic data and
traffic costs within cities in different transportation modes, this paper constructs the Belt
and Road comprehensive traffic network(B&RCTN), including three layers, representing
sea transportation, air transportation, and railway transportation respectively. Section 2.4,
research samples are selected. Section 2.5 introduces inter-layer relations to improve the
four centrality indexes, and uses the entropy weight TOPSIS method to synthesize the four
centrality indexes to obtain the multi-layer comprehensive centrality. In Section 3, we show
the results and analyze the status of important node cities. In Section 4, we analyze this
papet’s results and results in the previous studies and provide suggestions for the Belt and
Road comprehensive traffic network layout planning.

2. Materials and Methods
2.1. Study Area and Data Source

More and more countries have signed cooperation agreements with China. According
to the Belt and Road Portal, until September 2021, 144 countries have signed cooperation
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agreements. This paper takes cities along the Belt and Road of sea, air, and railway
transportation in the 144 signatories as the study region.

Some cities in the signatories are not included in the study area because of the unpub-
lished and incomplete traffic data. Finally, this paper takes 470 cities as the study area. The
regional distribution of 470 cities is shown in Figure 1. The number and proportion of cities
in each region are shown in Table 1.

. City

-

Figure 1. City distribution.

Table 1. Distribution of cities within the study area.

Region The Number of Cities The Proportion of Cities Representative City
East Asia 126 27.9% Shanghai, Incheon, Ho Chi Minh
Africa 70 15.5% Suez, Said, Damietta
Eastern Europe 70 15.5% Moscow, Minsk, Tallinn
Central and Western Europe 58 12.8% Vienna, Athens, Rome
West Asia 53 11.7% Dubai, Istanbul, Doha
Southeast Asia 42 9.3% Singapore, Bangkok, Johor Bahru
Central Asia 18 4.0% Almaty, Karaganda, Tashkent
South Asia 11 2.4% Islamabad, Karachi, Colombo
South America 2 0.4% Santiago, Montevideo
Oceania 2 0.4% Auckland, Christchurch

Traffic data among cities in the study area can be obtained in the following ways:

1.  Sea transportation data is obtained from the top 10 liner companies in 2020 pub-
lished by The International Container Yearbook, and the specific data are from the
companies” websites;

2. Air transportation data is selected from the top 10 global air cargo companies in 2020
published on the official website of IATA and got the specific lines through the flight
schedules released by the companies;

3. Railway transportation data is based on the China-Europe trains published on the
website of China Railway Supply Chain Logistics in 2021, and specific lines are
obtained according to the official websites of different trains.

2.2. Technical Route

In this paper, the technical route for identifying important node cities in the B&RCTN

is shown in Figure 2:
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Figure 2. Technical routes.

The first step is “Network Construction”. Based on the collected data, we adopted
python to establish a weighted super-adjacency matrix to construct the Belt and Road
comprehensive traffic network.

The second step is “Selection of Study Samples”. According to the trade data collected
in the UN Comtrade database, calculate the total volumes and growth rate of trade between
the Belt and Road countries in the past three years, then cities in some countries with low
trade status can be excluded, the remaining cities in the B&RCTN are taken as research
samples, and identify the importance of these cities in the next step.

The third step is “Identification of Important Node Cities”. Based on the super-
adjacency matrix, four centrality indexes are selected to measure the traffic capacity of node
cities in different aspects. The four centrality indexes are multi-layer strength centrality,
multi-layer eigenvector centrality, multi-layer closeness centrality, and multi-layer between-
ness centrality. The entropy weight TOPSIS method synthesizes the four indexes to obtain
the multi-layer comprehensive centrality of node cities to identify important node cities.

The fourth step is “Verification of identification results”. Comparing the research
results obtained by different methods, the accuracy of the methods proposed in this paper
is verified.

2.3. Construction of BEGRCTN

This paper adopts the idea of constructing a multi-layer network with the super-
adjacency matrix [15], through intra-layer traffic section efficiency w;’; and inter-layer traffic

section efficiency wfﬂ , the matrix removes the difference of various transportation modes,
then the Belt and Road sea, air and railway transportation are linked to form the description
of the Belt and Road comprehensive traffic network (B&RCTN). The super-adjacency matrix
is shown in matrix D.

Wi A Asgs
D= Ay W, Ap
Nz1 Az W3
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The weighted super-adjacency matrix D is composed of the intra-layer relation matrix
W, and the inter-layer relation matrix Aug (& # B). The value of «, p ranges from 1 to 3
corresponding to sea transportation, air transportation, and railway transportation. W,
represents the intra-layer relation matrix of layer a. A,p represents the inter-layer relation
matrix between layer a and layer . For example, Ay, represents the inter-layer relation
matrix between the sea transportation layer and air transportation layer.

2.3.1. Construction of Intra-Layer Weighted Relation Matrix (W)

W, is constructed of nodes and edges. The nodes represent cities along the Belt and
Road’s lines and the edges represent traffic road sections between neighboring cities in
layer a.

In layer «, the edge weight w;’; between node cities i, j is defined as the reciprocal of
the cost of the traffic section Q?;‘ between cities i, j. The higher the traffic cost, the smaller
the edge weight, and the lower the traffic efficiency. The traffic cost of Q?j comprises the
transportation cost S?;' and time cost Tf]‘-, as shown in Formula (1):

w11
Qs

M

where transportation cost Sl’?‘- is the product of transportation distance d‘l?;- and rate f,, i.e.,
S;?; = d;’;. X fu. The unit of df; is km. the distance of sea transportation is obtained by
Port Distance software, and the distance of air transportation and railway transportation
is obtained by substituting the longitude and latitude of corresponding cities into the
Euclidean Distance formula. The unit of rate f, is USD/(FTU-km). In sea transportation, the
rate is 0.15 according to the China Maritime Service Network. The rate of air transportation
is 5.6 according to reference [32], and the rate of railway transportation is 1.2 according to
Uniform Transit Tariff Regulations.

Time cost Tlf}‘. is the product of the cargo value A, the interest rate -y, and the transporta-
tion time t’l?;-, ie., Ti‘}‘- =AX7yxX tf} Among them, the cargo value A is selected as the average

value of container goods along the Belt and Road in 2021, which is about 33.6 x 10* USD.
The interest rate - is selected as 0.16 %o, which consults the general benchmark interest rate
of the bank [33]. The unit of transportation time is the day, which is obtained by dividing
the transportation distance df;- from the transportation speed. The sea transportation speed

and air transportation speed are 0.88 x 10 km/day and 1.68 x 10* km/day, respectively.
For railway transportation, the domestic speed is 2.88 x 10° km/day and the overseas
speed is 2.04 x 10° km/day [32,33].

Weighted intra-layer relation matrix W, = {w;ﬂ , if wf; # 0, then there is a traffic
section between cities i, j under the transportation mode «, and its weight is w‘l?; S If w?;. =0,
there is no traffic section between node cities i, j in the transportation mode «.

2.3.2. Construction of Intra-Layer Weighted Relation Matrix (Ag)

If a city exists in two layers simultaneously, it shows that this city has two transporta-
tion modes. It is necessary to establish an inter-layer relationship of this city between two
layers, which means that there are two transportation modes for transit in this city. For
instance, Xi’an has air and railway transportation, so it appears in the layers of air and
railway transportation. Therefore, there is an edge between these two layers, indicating
that there are traffic sections in Xi’an that can support both air and rail transit activities.
Additionally, road transportation is the main transit operation. Some seaports have realized
railway arrival. That is, some railway stations through special railway lines can be directly
connected with seaports, and the list of cities that realize railway arrival can be obtained
according to the literature [34,35].
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w?ﬁ is the edge weight of node city i connecting layer « and layer 8, and is defined as

the reciprocal of the cost of the traffic section Q?ﬁ between the stations of transportation
mode « and transportation mode f. The cost of the traffic section Qlﬂ-‘ﬁ comprises transportation

cost S?’S , the time cost Tlfxﬁ and loading & uploading cost Pi'xlS , as shown in Formula (2):

(Xﬁ_ 1 1

P @
Lo s yT¥ gy p

where transportation cost Sfﬁ is the product of transportation distance d?"g and rate fy,

ie., S?‘ﬁ = d?ﬁ X fy. The unit of transportation distance d?‘ﬁ is km, which is extracted
from the Google distance matrix. The unit of rate f; is USD/(FTU-km), and the value
of 11 ranges from 1 to 2 corresponding to road transportation and railway special line
transportation. The rate of railway special line transportation and road transportation are 1
and 1.5 respectively [36].

Time cost Tfﬁ is the product of cargo value A, interest rate 7, and traffic time t?ﬁ ,
ie, Tlfx/s =Axyx t;xﬁ . The unit of traffic time t?‘ﬂ is day, which is obtained by dividing
the transportation distance d?ﬁ from the transportation speed. The transportation speed
of the railway special line is 2.88 x 10° km/day, and the road transportation speed is
0.96 x 10% km/day [37].

Loading & uploading cost Piaﬁ comprises cargo damage cost, loading & unloading
time cost, and loading & unloading operation cost. The cargo damage cost is the product of
the cargo damage rate and cargo value A, and the cargo damage rate is 0.01% [38]. The
loading & unloading cost is the product of loading & unloading time, interest rate , and the
cargo value A. The time cost and operation cost of loading & unloading between different
transportation modes are different according to the literature [37], shown in Table 2.

Table 2. Loading & unloading time and cost between different transportation modes.

Air-Road-Sea Sea-Road-Railway  Air-Road-Railway Sea-Railway Special Line-Railway

Loading & unloading
time/(days)
Loading & unloading
costs (US$/FTU)

0.1 0.14 0.12 0.08

87.5 100 97.5 50

According to the above definition, if the w?‘ﬁ is not equal to 0, it means that in node
city i there exists a traffic section to transit between transportation modes « and . Other
elements except diagonal are set to 0, which has no economic meaning.

2.4. Research Sample Selection

This paper aims to identify important node cities, and puts forward policy recommen-
dations based on the distribution of important node cities to promote the Belt and Road
cooperation. That is to say, important cities should have good trade conditions to support
policy recommendations. Therefore, it is necessary to remove cities with low trade from
470 cities in the B&RCTN, and the remaining cities should be used as research samples to
identify their importance.

According to the Belt and Road trade data published in the UN Comtrade database,
this paper finds 13 countries with low trade status through the volumes and growth rate
of trade in recent three years, such as Niue, Lesotho, Cook Islands, Rwanda, Zimbabwe,
Moldova, Equatorial Guinea, Solomon Islands, Bosnia and Herzegovina, Montenegro,
Antigua and Barbuda, Venezuela, Cape Verde, and there are 18 node cities belong to these
countries in the B&RCTN, such as Kigali, Chisinau, Sarajevo and Podgorica, etc. Excluding
these 18 node cities, the remaining 452 node cities are used as the research samples to study
their importance.
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2.5. Multi-Layer Comprehensive Centrality Measurement of Node Cities in the B&RCTN

Based on the super-adjacency matrix created by integrating multi-dimensional data,
such as geographic information and transportation cost, this section measures the status of
node cities in the network topology to identify important node cities from the theoretical
perspective of complex networks.

According to traditional centrality indexes in complex networks, this paper proposes
methods to calculate multi-layer centrality indexes suitable for the comprehensive traffic
network. These multi-layer centrality indexes consider inter-layer relationships, measuring
the city’s traffic connectivity, accessibility, transit connectivity, and other transportation
capabilities. With the results of different multi-layer centrality indexes, the Entropy Weight
TOPSIS is used to obtain the multi-layer comprehensive centrality in the B&RCTN. The
importance of cities is measured by multi-layer comprehensive centrality. The greater the
multi-layer comprehensive centrality, the better the traffic capacity displayed by the city in
the transportation system, and the more important the city is in the transportation network.

The cities with the top 15% of the multi-layer comprehensive centrality are impor-
tant cities with strong transportation capacity. These important cities are transfer points
with good transportation accessibility, the ability to maintain the stable operation of the
overall transportation network, and are the main window for transportation links between
geographical regions.

2.5.1. Multi-Layer Strength Centrality

Strength centrality mainly describes the connectivity of nodes [38]. In single-layer
networks, strength centrality represents the number of other nodes associated with a node.
In multi-layer networks, strength centrality is typically quantified by overlap strength,
which is the accumulation of a node’s strength centrality in each layer.

The B&RCTN not only has intra-layer relationships of sea, air and railway transporta-
tion, but also has inter-layer relationships. The overlap strength cannot reflect inter-layer
relationships. In addition, the connectivity of nodes is associated with network scale. The
larger the network scale is, the greater the strength centrality value of the nodes is. And the
network scale in each layer of B&RCTN is apparently different. As the overlap strength
only focuses on the direct connections between nodes in each layer, ignoring network scale
differences in each layer, it is difficult to accurately describe the connectivity of nodes in
the B&RCTN. Therefore, this paper proposes multi-layer strength centrality O(i), and the
formula is as follows:

[a] WP B
. 3 S + w;
O(I)ZZ,X 1 J’_Z =2 w"‘ﬁ—i—wlg”‘) (3)
B>ua
(]

Among them, s; is the strength centrality of node city i in the layer «, that is,

= Z}V : ], describes the traffic efficiency between node city i and its neighbors
under transportation mode «; w* describes the total trafﬁc efficiency between all node
cities under transportation mode &, namely w* =) ;. s (w R wﬁ ) represents the total
traffic efficiency between « station and p station in the node city i under road transportation
or railway special line transportation; w*f represents the total traffic efficiency between «
stations and B stations in all node cities under road transportation or railway special line

transportation, namely w*f + wP* = Yicap (wf"3 + wlﬁ Y.

2.5.2. Multi-Layer Eigenvector Centrality

Eigenvector centrality is a valuable complement to strength centrality [39]. Based
on the idea that a node’s connectivity depends on both its connections and those of its
neighbors, a connection to a more interconnected node contributes to eigenvector centrality
greater than a connection to a less interconnected one. According to the literature [37], in
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multi-layer networks, the differences in different layers’ connectivity will have an impact
on the eigenvector centrality of cross-layer nodes Based on it, this paper introduces the
traffic efficiency w?} and w?’g to evaluate multi-layer eigenvector centrality E(i), as shown
in Equation (4):

A a o] 3 w 4B [F]
E(l) - Za:l (ZjGIX wijsj + Z B=1 rﬂwi 5 ) (4)
p#a
where wf;.s[“] refers to the traffic efficiency of node city i’s neighbors in transportation mode
; wl’?;- denotes the traffic efficiency from node city i to node city j in transportation mode «;
ﬁﬁ
the traffic efficiency of node city i in transportation mode 8, when node city 7 in layer « is
connected to node city 7 in layer j3; r;‘é represents the impact of transportation mode a on

s1*) denotes the traffic efficiency of node city j in transportation mode «; rgw represents

the traffic efficiency of some node cities under transportation mode f, and these affected

node cities can switch between transportation modes « and §, the formula is expressed
as 1t = Eicup 05" ;
P Teapuis))

station in in road transportation or railway special line transportation.

w?"g represents the traffic efficiency of node city i from « station to j3

2.5.3. Multi-Layer Closeness Centrality

The closeness centrality mainly describes the reachability of nodes in the whole net-
work. In unweighted single-layer networks, closeness centrality is usually measured by
the average shortest path length between nodes [40]. The smaller the average shortest path
is, the better the node’s reachability is, then the greater the closeness centrality is. In the
B&RCTN, the reachability of a node city can be measured by the average highest traffic
efficiency between node cities. In light of this, this paper proposes multi-layer closeness
centrality C(i), which thinks that a node’s reachability and multi-layer closeness centrality
can be improved with increasing average highest traffic efficiency, the formula is shown in
Equation (5):

i) Pij
CO) =317 ®)
where M is the total number of cities represented by nodes in the network; p;; is the highest
traffic efficiency from node city 7 to node city j, which is the reciprocal of the lowest traffic
path cost Hij from node city i to j, i.e.,

1
P 6
Pl] min(Hij) ( )
A traffic path is composed of multiple traffic sections connected in pairs. The traffic
path cost includes not only the transportation cost of each traffic section Q?} or Q?’S , but
also the stay time cost. Then, the traffic path cost H;; can be calculated as follow:

3
Hij = mjj + th:l ‘M,Xl/l?; + 4.487’1% )

where, m;; represents the total transportation cost of all traffic sections in the traffic path;
My is the stay time cost of a node city in transportation mode &, and the stay time cost of a
node city for sea, air and railway transportation is $11.3, $4.3 and $6.72, respectively; nf;-
refers to the number of node cities whose connected traffic sections are all of transportation
mode « in the traffic path; nf]- denotes the number of node cities that stay due to switching
transportation modes in the traffic path, and the average stay time cost of these node cities
is $4.48.
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2.5.4. Multi-Layer Betweenness Centrality

Betweenness centrality is a common method to describe transit capacity of nodes,
which is based on shortest paths counting. The betweenness centrality increases as the
number of shortest paths via a node increases [41]. In the B&RCTN, the transit capacity of
a node is determined by the number of paths with the highest traffic efficiency traveling
through a node city. In light of this, this research proposes multi-layer betweenness
centrality B(i). That is, the more the number of paths with the highest traffic efficiency is,
the transit capacity of the node is, then the greater the multi-layer betweenness centrality is.
The formula of multi-layer betweenness centrality B(i) is as shown in Equation (8):

oit

BO=L0aLl sica o ®
S#ELFEI

where oy is the number of highest traffic efficiency paths from node city s to node city ¢,
and ¢ is the number of highest traffic efficiency paths from node city s to node city # that
pass through node city i in layer «. The highest traffic path efficiency can be calculated
according to the Formula (6).

2.5.5. Multi-Layer Comprehensive Centrality

The entropy weight TOPSIS is a comprehensive evaluation method, it can reflect the
actual data distribution for each index, while also eliminating subjective factors when
setting weights. Based on the entropy weight method, the weight of each index is assigned,
then the new data can be obtained by multiplying the value and index’s weight. Since the
TOPSIS method can reduce the impact of various index dimensions and fully utilize the
information of each index to ensure the rationality of the results [42], TOPSIS can be used
to synthesize new data of each index, then the multi-layer comprehensive centrality of the
evaluation object can be obtained.

3. Results
3.1. Network Topology

Based on the constructed weighted super-adjacency matrix, ArcGIS software is used
to describe the B&RCTN topologies, as shown in Figure 3. In the sea transportation layer,
there are 204 cities and 1604 routes. In the air transportation layer, there are 224 cities and
974 routes, and in the railway transportation layer, there are 190 cities and 416 routes.

In addition, according to the number of inter-layer edges of the three-layer network,
the number of transit cities between the sea and the air transportation layer is 62. The
number of transit cities between the air and the railway transportation layer is 63, and
there are 50 transit cities between the sea and the railway transportation layer. From the
distribution of node cities, node cities in East Asia, the Mediterranean coast, and Western
Europe are more densely distributed. Cities in Central Asia, South Asia, and Southeast
Asia are mostly transit points in many routes. There are few node cities in South America,
North America and Oceania, which connect with other node cities sparsely.

3.2. Evaluation of Multi-Layer Comprehensive Centrality

Based on the methods proposed in Section 2, the multi-layer strength centrality, the
multi-layer eigenvector centrality, the multi-layer closeness centrality, the multi-layer
betweenness centrality rank of 452 node cities are shown in Figure 4a—d, respectively, and
their geographical distribution are shown in Figure 5a—d.
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Figure 3. The Belt and Road comprehensive traffic network.
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Figure 5. Geographical distribution of different multi-layer centrality of node cities.

Based on the measurement results of the four centrality indexes mentioned above, the
multi-layer comprehensive centrality of node cities is obtained by using the entropy weight
TOPSIS. The multi-layer comprehensive centrality rank of node cities is shown in Figure 6a,
and the distribution is shown in Figure 6b, and the specific list of node cities is shown in

Table 3.
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Figure 6. Multi-layer comprehensive centrality rank of node cities and its distribution.
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Table 3. Node cities in different regions of multi-layer comprehensive centrality.

Multi-Layer Comprehensive Centrality

Node Cities

0.91-1.00 Singapore, Istanbul
0.81-0.90 Dubai, Shanghai
Guangzhou, Vienna, Shenzhen,
0-71-0.80 Hong kong, Moscow
0.61-0.70 Trieste, Incheon
0.51-0.60 Koper, Ningbo, Urumgqi, Izmir
0.41-0.50 Piraeus, Qingdao, Kaohsiung, Manchuria, Busan,
’ ’ Bangkok, Ho Chi Minh, Klang, Johor Bahru
0.31-0.40 Gdansk, Alashankou, Jedda, Port Said, Xiamen,
’ ’ Gdynia, Xi’an, Beijing, Qinzhou
Manila, Beirut, Damietta, Venice, Brussels, Gebze,
Valletta, Jinan, Zhoushan, Genoa, Mersin, Gamlik,
Taoyuan, Wuhan, Dongguan, Warsaw, Erenhot,
0.21-0.30 Keelung, Doha, Lagos, Haiphong, Tianjin,
’ ’ Alexander, Jakarta, Rije-ka, Taipei, Taichung,
Lattakia, Lome, Ashdod, Ancona, Almaty, Milan,
Hanoi, Penang, Pasir Gudang, Ravenna, Colombo,
Da Nang
0.11-0.20 84 cities in total
0.0-0.10 296 cities in total

This paper selects the top 15% of cities as important cities, that is, cities with multi-
layer comprehensive centrality greater than 0.2. In order to further analyze the distribution
of important cities in different geographical regions, different colours are used to represent
East Asia, Southeast Asia, Central Asia, South Asia, West Asia, Eastern Europe, Central and
Western Europe, Africa, Oceania, South America and North America in the map. Important
cities are drawn on the map, as shown in the Figure 7.

Aulti-layer comprehensive centralityl £
® 020-040
@ 041 -060
QO 061 -080 "\
0.81 — 1.00

Figure 7. Geographical distribution of important node cities.

From Figure 7 and Table 3, Node cities with multi-layer comprehensive centrality
greater than 0.2 are concentrated, and more than 90% are distributed in the east and
west of Eurasia. The eastern cities are mainly concentrated in East and Southeast Asia,
including Singapore, Shanghai, Guangzhou, Shenzhen, Hong Kong, Incheon, Ningbo,
Urumgi, Qingdao, Kaohsiung, Manchurian, Busan, Bangkok, Ho Chi Minh, Klang, Johor
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Bahru, etc. And the western cities are concentrated on the Mediterranean coast connecting
Asia, Africa and Europe, including Istanbul, Dubai, Vienna, Moscow, Trieste, Izmir, Piraeus, etc.

Second, among the node cities in the middle of Eurasia, only Almaty in Central Asia
and Colombo in South Asia have multi-layer comprehensive centrality greater than 0.2,
while the multi-layer comprehensive centrality of the rest node cities is between 0 and 0.1.
Almaty has developed railway transportation and is a central hub of the east-west Silk
Road; with its unique maritime geographical advantages, Colombo is the only place for
shipping in Europe, Asia, Africa and the Pacific region.

Third, among the node cities in Eastern Europe, the multi-layer comprehensive cen-
trality of Moscow is 0.7, while that of the rest node cities is lower than 0.2. Moscow is
located on the trunk line of Eastern European railways, and has developed air transport
with solid connectivity.

Finally, the multi-layer comprehensive centrality of node cities in Africa is between 0
and 0.1, while that of Damietta, Said, Lome and Lagos are more than 0.2. Among them, Said
and Damietta are located on the Mediterranean Sea, which is the only way for West Asia to
enter Africa; Lome and Lagos are located in the center of the coastal urban agglomeration
in West Africa.

4. Discussion
4.1. Verification of Identification Results

Network attack is a commonly used method to verify the accuracy of evaluation
results [43,44]. With the ranks of nodes, the attack order can be obtained. And by analyzing
the decline of network performance, then the accuracy of rank is judged. The size of the
largest connected subgraph ¢ is used as an index to measure the network performance, the
formula is expressed as ¢ = N/N’, Where N is the total number of nodes in the B&RCTN;
N’ is the number of nodes in the largest connected subgraph of B&RCTN.

4.1.1. Verification Analysis with Previous Results

To verify the accuracy of the proposed methods, analyzing the results of this paper and
those of well-established studies is necessary. Since the previous studies did not study the
Belt and Road comprehensive traffic system including sea, air and railway transportation,
this paper uses the methods proposed in the previous studies to identify important node
cities in the B&RCTN [15,38,39], analyzes the results obtained by the previous methods
and the results of this paper.

First, through network attack, we analyze the results of multi-layer strength centrality,
multi-layer eigenvector centrality, multi-layer closeness centrality, multi-layer betweenness
centrality and the result of the traditional strength centrality [38], eigenvector centrality [39],
closeness centrality [15], betweenness centrality [15]. The results are shown in Figure 8.

In Figure 8, the blue star line declines faster than the purple circle line, indicating
that ¢ based on the multi-layer centrality attack declines faster. In Figure 8a, ¢ with the
multi-layer strength centrality attack is always lower than ¢ with the traditional strength
centrality attack. When the number of attacked nodes reaches 75 to 120, the difference is
more obvious. In Figure 8b, when the number of attacked nodes approaches 60, the gap
between the two lines increases. When the number of attacked nodes is 141, ¢ with the
traditional eigenvector centrality attack is 0.5, while ¢ with the multi-layer eigenvector
centrality attack is only 0.28. In Figure 8c, when the number of attacked nodes is about
120, both lines are noticeably reduced, and the ¢ with the multi-layer closeness centrality
attack is even lower. In Figure 8d, when the number of attacked nodes is 92, the difference
between the two lines is the largest. ¢ with the traditional betweenness centrality attack is
0.32, whereas ¢ with the multi-layer betweenness centrality attack is only 0.14. The above
results show that, the result of multi-layer centrality indexes are more accurate.
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Figure 8. Attack results of multi-layer centrality and traditional centrality.

Second, analyze attack result of traditional comprehensive centrality and the attack
result of multi-layer comprehensive centrality. ¢ with the multi-layer comprehensive
centrality attack is shown in the blue star line in Figure 9. The traditional comprehensive
centrality is obtained by using the entropy weight TOPSIS to combine the four traditional
centrality in the previous studies. ¢ with the traditional comprehensive centrality attack is
shown in the purple circle line. From the general trend, the two lines show a downward
trend of first urgent and then gradual, but their rates of decline deviate. When the number
of attacked nodes is 82, ¢ with the multi-layer comprehensive centrality attack is only
0.1, and ¢ with the traditional comprehensive centrality attack is 0.43. Besides, when the
number of attacked nodes is 120, ¢ with the multi-layer comprehensive centrality attack is
0.01, indicating that the B&RCTN is almost completely failure, however, when the number
of attacked nodes reaches 170, ¢ with the traditional comprehensive centrality attack is
0.01, and the B&RCTN reaches the same failure result. The results show that, ¢ with the
multi-layer comprehensive centrality attack decreases faster, which reaching the effect that
network performance can be severely damaged only by attacking a small number of nodes.
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Figure 9. Attacks results of different comprehensive centrality.

The regional distribution of important node cities identified by the traditional compre-
hensive centrality and those identified by multi-layer comprehensive centrality are shown
Figure 10:

C . h rx -
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B,
L TP = fulti-layer comprehensive centrality \> ‘\
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(a) Distribution of important node under traditional (b) Distribution of important node under multi-layer
comprehensive centrality. comprehensive centrality.

Figure 10. Distribution of important node cities with different comprehensive centrality.

As seen from Figure 10, The important node cities in Figure 10a,b show a centralized
distribution, and the important node cities in the coastal regions of the Mediterranean Sea,
East Asia and Southeast Asia are relatively dense. However, some important node cities
identified in this paper are not included in those identified by traditional comprehensive
centrality, such as Trieste, Koper, Gdansk, Gdynia, Venice, etc. The main reason is that the
previous methods homogenize each traffic network layer, which weakens the characteristics
of cities at different transportation layers. In addition, compared with the previous methods,
this paper fully considers the information contained in inter-layer relationships to describe
the transfer cost in traffic activities, which significantly affects the measurement results of
closeness and betweenness centrality in this paper.

4.1.2. Verification Analysis with Different Multi-Layer Centrality Results

Through network attack, verify the accuracy of multi-layer comprehensive centrality,
by analyzing multi-layer strength centrality, multi-layer eigenvector centrality, multi-layer
closeness centrality, multi-layer betweenness centrality, and multi-layer comprehensive
centrality, and the results are shown in Figure 11.
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Figure 11. Attack results of different multi-layer centrality.

In Figure 11, the blue star line depicts ¢ based on the multi-layer comprehensive
centrality attack, which drops fastest. When the number of attacked nodes is 80, ¢ with
the multi-layer comprehensive centrality attack is 0.04, but ¢ with the multi-layer strength
centrality attack, multi-layer eigenvector centrality attack, multi-layer closeness centrality
attack and multi-layer betweenness centrality attack is 0.32, 0.59, 0.47 and 0.24, respec-
tively. The results show that, the node ranking in multi-layer comprehensive centrality
has more impact on network performance, which verifies the accuracy of multi-layer
comprehensive centrality.

4.2. Comparative Analysis Results Based on Geo-Information

According to the comparative analysis, the accuracy of identification methods is verified.
This section analyzes identification results from the geographical distribution perspective.

The World Bank evaluated the international logistics performance index (Lpi) of
various countries, and the evaluation results are shown in the Figure 12a. In addition
to considering the freight volume of different transportation modes, Lpi also considered
the geographical location of various countries, the geographical layout of transportation
stations, geographical economy and other factors. In this paper, the country of the identified
important cities is counted and mapped on the figure by Arcgis based Natural Break, as
shown in Figure 12b.
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(a) Logistics performance index in different countries.

(b) Number of important cities in different countries.

Figure 12. Logistics performance indexes and number of important cities in different countries.

From the perspective of geographical distribution, there is a significant overlap be-
tween countries with higher Lpi and countries with important cities. From Figure 12a,b,
it can be seen that most countries in East Asia, Southeast Asia, North Africa, West Asia
and Western Europe are dark in colour. Among these countries, the Lpi of Belgium, Sin-
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gapore, Austria, United Arab Emirates, Luxembourg, Italy, New Zealand, China, Korea,
Czech Republic, Portugal, South Africa, Poland, Qatar, Hungary, Israel, Thailand, Malaysia,
Estonia, Turkey are all greater than 3.3, ranking in the top 15% of the world and more than
70% of important cities are located in these countries, indicating that many important cities
in these countries have good Lpi. These countries have good geographical advantages and
form regional urban agglomerations with nearby cities. The Lpi of countries in Central Asia
and South Asia is relatively lower, and there are fewer important cities in these regions.
The Lpi of African countries varies greatly, with important cities mainly concentrated in
North Africa along the Mediterranean coast and West Africa. South America has excellent
transportation capabilities but has no important cities due to its remote location from the
Belt and Road trading nations.

4.3. Suggestions for Policy Based on the Research Result

This study identified important node cities and briefly analyzed the distribution of
these important node cities in Section 3.2. Based on the analysis results, this section provides
some policy recommendations for the overall planning and layout optimization of the Belt
and Road transportation to promote traffic connectivity between the “Belt and Road” cities.

Important node cities are mainly distributed in the east and west of Eurasia. These
important cities have a good transportation cooperation environment and developed
transportation capacity. Therefore, for China, South Korea, Malaysia, and Singapore in
the east of the Eurasian continent and Turkey, Saudi Arabia, the United Arab Emirates,
Italy, Greece, and other countries in the west, it is necessary to introduce policies to build
a regional transportation economic belt, reduce customs clearance costs and increase
cross-border transport subsidies between countries to promote resource allocation and
trade facilitation.

The transportation capacity of node cities in Central and South Asia are generally
poor. Central Asia is the core region of the Silk Road Economic Belt. South Asia is one
of the important transit points of the Maritime Silk Road, which connects Southeast Asia,
East Asia, and Central Asia, showing that the transportation capacity of node cities in this
region likely leads to traffic congestion along the Belt and Road. Therefore, from a policy
perspective, countries in Central Asia and South Asia, especially Kazakhstan and Sri Lanka,
should fully utilize the regional advantages, increase trade policy support with East Asia,
Southeast Asia, and West Asia countries, and strengthen transportation links.

Eastern Europe has a vast territory, making connecting all cities in this region more
challenging. In the total trade between Eastern Europe and China in 2021, Russia and
Belarus account for 41% and 34%, respectively, but their transportation capacity cannot
support further trade activities. Therefore, targeted policies to promote transportation
development need to be formulated. Based on Moscow’s traffic radiation function, policy
support by Russia for establishing cross-border cooperation zones between Vladivostok,
St. Petersburg, and neighboring countries should be increased, and the construction of
cross-border regional transportation corridors should be accelerated. In Belarus, Brest and
Minsk are located on the transportation trunk line. It is beneficial for Belarus to introduce
policies to develop the railway branch lines between Brest, Minsk, and nearby cities.

Transportation in African cities is generally undeveloped. 52 African countries have
signed cooperation documents, and the Belt and Road, cooperation coverage rate has
reached 96%. Among the total trade between these 52 countries, Sierra Leone and Tunisia
account for the highest proportion, 28% and 14%, respectively, and their transportation
capacity can no longer meet their trade requirements. Regarding policy, Sierra Leone
should increase air links between its western city of Freetown and global gateway cities
and improve its sea connection with the western urban agglomeration to form an efficient
traffic artery. Compared to the node cities in Africa, the northern port cities in Tunisia
have development potential, such as Tunisia, Binzit, and Sfax, which can be made into
the traffic window of the Mediterranean Free Trade zone. In addition, when formulating
the Belt and Road transport policy, North African countries can prioritize reducing the
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customs clearance process between Mediterranean coastal cities and increasing cross-border
transport preferential policies.

5. Conclusions

From the perspective of complex network theory, this paper identifies the important
cities in the Belt and Road comprehensive traffic system. First, this paper adopts the
weighted super-adjacency matrix to construct the Belt and Road comprehensive traffic
network for the first time. This matrix contains sea, air, railway transportation, and
transshipment among these traffic modes. Based on the matrix, this paper considers
the inter-layer relationships and the heterogeneity of multi-layer networks, innovatively
proposes the multi-layer centrality indexes, which evaluate the transport accessibility,
transit connectivity, and other transport capabilities of node cities in multiple dimensions.
With the results of the multi-layer centrality indexes, entropy weight TOPSIS is used
to obtain multi-layer comprehensive centrality, then important node cities with strong
comprehensive traffic capacity are identified. The identification result shows that there
are 72 important cities in B&RCTN. Finally, based on the distribution of important cities,
this paper analyzes the areas with weak traffic connectivity in the current B&RCTN layout,
proposes cities that need to prioritize transportation development, and gives suggestions
for the policy design of the Belt and Road transportation development.

The research methods and results proposed in this paper have specific theoretical
significance and practical value. From a theoretical perspective, this paper provides a new
idea for scholars to construct a multi-layer network including multiple traffic modes, which
can accurately depict complex traffic systems. Meanwhile, this paper provides methods
for identifying important nodes in multi-layer heterogeneous networks, considering the
heterogeneity of different network layers and fully paying attention to the information in
the inter-layer relationships. From a practical standpoint, this paper identifies important
cities that are beneficial to the overall “Belt and Road” traffic connectivity, helps to maintain
smooth traffic along the Belt and Road, makes recommendations for the layout planning
and optimization of the Belt and Road comprehensive traffic network, and serves as an
important reference for the Belt and Road signatories’ future transportation development.

However, admittedly, this paper has the following limitations: (1) The edge weight in
the B&RCTN is set based on the traffic section cost, which involves multiple coefficients,
such as the loading & unloading cost and loading & unloading time, and this paper takes
these coefficients as fixed values. In future research, we will discuss the influence of these
coefficients on the research results through sensitivity analysis. (2) This paper mainly uses
the traffic relationship between cities to identify important cities. However, trade and traffic
affect each other to some extent, and future studies can combine trade relations with traffic
relations to study the status of cities.
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