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Abstract: To explore the
vulnerability of multimodal transport networks,
identifies the structural characteristics
transport network on the basis of the complex network theory.
Key nodes are clarified from the analysis of the structural
characteristics. The characteristic path length and percentage
of the largest subgraph are applied to analyze the vulnerability
of the multimodal transport network after random and
intentional attacks on the nodes. The network of a multimodal
transport company is taken as an example in the empirical
analysis. Results show that with more than ten nodes under a
random attack, the percentage of the largest subgraph is less
than 20%, and the characteristic path length is less than 2.
The same performance is observed for more than seven nodes
under an intentional attack. The multimodal transport network
is more vulnerable under an international attack against key
nodes. The results of the topology and node failure under
random or intentional attacks would support the management
of the multimodal transport network. Suggestions for the
emergency transportation organization of enterprises under
attacks are proposed accordingly. These suggestions should
help improve network invulnerability and recovery from node
failure.
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ultimodal transport is a green and efficient mode
M of transport organization; relative to a single
mode of transport, multimodal transport can reduce car-
bon dioxide emissions'". Container transport strategies in
seaports and dry ports have been optimized to reduce
transportation costs and carbon emissions'” .
13th Five-Year Plan period in China, several policies for
multimodal transport were formulated. These policies
called for the strengthening of the construction of multi-
modal transport hubs, the connectivity between multimo-
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dal transport hubs, and the elimination of barriers to the
connection of different transport modes. These policies
were also aimed at realizing a “channel + hub + network”
operation system and a national transportation network.
Hence, China is seeking to build a multimodal transport
network.

The research on multimodal transport has long been fo-
cused on network design'' ™ and path planning”™. With
the improvement of multimodal transport hubs, multimo-
dal transport networks have become a hot research topic.
Take for example the market structure of European multi-
modal transport networks; a relevant study defined the
boundaries of the transshipment market by using actual
data to analyze the transshipment and transport mar-
kets'”
tation costs, integrate transportation resources, and re-
duce carbon emissions. To optimize the cost of the multi-

. Multimodal transport can reduce overall transpor-

modal transport service chain with consideration of trans-
portation, distribution, environment, time, capacity, and
other factors, existing research established a mixed inte-
ger programming model and performed numerical analysis

0
191 Another work evalua-

on the basis of actual case data
ted the efficiency of a multimodal transport service chain
by using the improved data envelopment analysis method
for ten lines of the European multimodal transport''.
Complex networks have been widely used in traffic net-
work analysis. By contrast,
works, which are freight transport networks, have been
rarely investigated using complex networks.

Several studies have focused on the structure and node
failure scenarios of multimodal transport networks. The
application of complex network theory to network node
failure is mainly observed in public transportation net-

multimodal transport net-

works, social networks, civil aviation networks, etc.
Therefore, the current study considers the application of
complex network theory in freight multimodal transport
networks to the failure of nodes in a multimodal transport
network. The research into complex networks for node
failure (node removal) is significant in most real complex
networks, such as the Internet, social network, electrical
power grids, and transportation networks. When network
nodes are subjected to random and intentional attacks, the
topology of the network changes. In a power system,
power failure in one part may cause a large-scale casca-

ding failure event. Therefore, on the basis of complex
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network theory,
model has been proposed to evaluate the risk of cascading
failure of a power system and simulate a cascading failure

an improved power system evaluation

event'?.
the research of urban traffic road network structures, and
models have been constructed to analyze the characteris-
tics of urban road traffic networks.

Complex network theory has been applied to

In urban traffic net-
works, the failure of nodes or edges disrupts traffic flow
and thereby causes cascading failure in the network.
Through the improvement of indicators, the road network
characteristics of motor vehicle lanes can be analyzed.
The distribution of lane degrees is in line with the power
law distribution, and the nodes with small degrees are in-
clined to connect with the nodes with large degrees'™.
The method of complex network dual modeling is used to
analyze urban road network structures.
study, the topological structures of urban road networks
in six cities were compared to find important similarities
between clusters'"*'.
be used to identify the important nodes in multimodal net-
works and analyze the properties of networks with node
failures. A local attack on an empowered Beijing road

network was previously carried out to identify important
(5]

In a previous

The theory of complex networks can

nodes ”'. In a multimodal network, hub cities serve as
important nodes; when these nodes are damaged by natu-
ral disasters, transportation time and costs increase.
Given a network with nodes, an intentional attack or a
random attack was carried out on a node with a large ca-
pacity. The network connectivity after the attack was then
analyzed. The results show that the impact of random at-
tacks is relatively minimal. Nodes with a large degree and
large capacity are very destructive to the network, and the

U8 A new

effect is likely to lead to cascading failures
cascading failure model based on underload failure has
been proposed''”. The spatial network structure is related
to node failure. Research reveals that self-organized cities
share similar scale-free networks in a nonspatial network
81 " The tolerance to cascading failures in
small-world networks and the size of the largest connected
components after attacks have been analyzed'”'. Attacks
against multiple nodes and the dynamic robustness of net-
works have also been studied. The impact of redistribu-
tion parameters and the initial load distribution parameter
on network robustness has been studied as well™. A
method for evaluating the robustness of a network after an
attack has been designed, and the network structure has
been optimized. The effectiveness of the method has also
been verified™. Multimodal transport has been proved to
perform well in carbon emissions'”', while robustness is
the obstacle to development.

Multimodal transport networks are different from other

distribution

transport networks. In the former, more than one trans-
port mode exists between two nodes. The current work
applies complex network theory to the analysis of multi-

modal transport networks. The topology of a multimodal
transport network is analyzed, and its characteristics are
analyzed accordingly. When a city as a node is attacked
by natural disasters, such as floods, earthquakes, and
snowstorms, the node city fails. In this study, the con-
nectivity of the network after sudden node failure is inves-
tigated, and the vulnerability of the multimodal transport
network in natural disasters is discussed. At the same
time, random attacks on nodes and intentional attacks on
nodes with varying degrees are analyzed, and the network
vulnerabilities in both cases are analyzed and compared.
This work proposes the application of complex network
theory to multimodal transport networks. Thus, the re-
sults should fill the gap in the application of complex net-
work theory to multimodal freight transport networks.

1 Methodology

A multimodal transport network consists of two parts:
the hub node and the transport route. Transport hubs serve
as nodes in the network. The transportation route between
each node acts as an edge. Moreover, more than one
transport mode exists between nodes in a multimodal trans-
port network; thus, different transport modes should be
considered when calculating the edge weights between
nodes. Graph theory is introduced to construct the multi-
modal transport network model. In the solution for G,
node v, is the multimodal transport hub; edge b, is the
transport route between nodes; and weight w; is introduced
as the distance and node traffic between transport hubs.
Then, the network structure model G is expressed as

G=(V,B, W) (1)

where V is the set of nodes v,, V={v,v,,...,v, }; Bis
the set of transport routes, B = {b,,, b, ..., b,j}; and W
is the set of transport weights between nodes, W= {w,,,
Wigs oees Wi}

The path refers to the edge in the multimodal transport
network. Thus, the average of the paths between any two
nodes refers to the average number of edges between any
two nodes. The characteristic path length L is defined as
the average number of edges between two nodes in the
multimodal transport network'"" .

N

2k
- (2)

(k) =

1

L =——7—rt d,
N(N - 1)lsg/‘sN !

(3)
where (k) is the average degree of the network; N is the
total number of nodes; L is the characteristic path length;;
d,; is the number of edges on the shortest path connecting
two nodes (i and j), and 1/d; is called the efficiency be-
tween two nodes.

As the capacities and speeds in transport modes differ,
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the capabilities of transferring goods to other transport
modes via hubs also vary. The differences determine the
multimodal transport cost and efficiency. Relative to the
transport of goods directly from the origin to the destina-
tion by one transport mode, multimodal transport can re-
duce carbon emissions ( relative to roadway transporta-
tion) and travel time ( relative to waterway transporta-
tion) by combining the advantages of different transport
modes. In a multimodal transport network, edge weight
w,; is defined as a function of the transport time from node
i to j; it is obtained by the weighted sum of the transport
time between two nodes. It also indicates the importance
of nodes in the network. «, B, and vy are the coefficients
of the transport time of each mode of transport. The car-
bon emissions of different transportation modes are pro-
posed to be used as coefficients from the perspective of
energy conservation and environmental protection. Thus,
the values of a, B, and y are determined by the carbon
emission coefficients of each transportation mode.

wy =at; +,81‘§ +'yt;, (4)

5= 3w, (5)
where w, is the weight of the edge connecting node v, and
v;; 1, is the time spent in railway transportation; tfj is the
time spent in roadway transportation; and f; is the time
spent in waterway transportation; S, is the vertex strength
of node v,, and it represents the sum of the edge weights
associated with the node; N, is a set of node neighbors.

In a multimodal transport network, each node is con-
nected to several nodes, which thus offers many transport
route choices. C, and C are used to evaluate one node’s
connection and the network nodes’ connection, respec-

tively. The larger C, and C are, the lower the level of
vulnerability of multimodal transport will be.

c =5 6
= (6)
c-Lsc (7)

N &

where B, is the connected number of edges of node v,; C
is the clustering coefficient of node i and is the ratio of
the number of connected edges between all nodes adjacent
to node i and the maximum number of possible edges be-
tween the adjacent nodes; Ci is the total number of possi-

i

ble edges; and C is the clustering coefficient of the entire
network.

Coreness ( k-core) refers to the remaining subgraphs
after the repeated removal of nodes whose degree is less
than k. If a node has a k-core and is removed in the k + 1
core, then the coreness of the node is k. The maximum
number of node cores in the network is the number of
cores in the graph. After the node of the network is at-
tacked, the characteristic path length and the largest con-
nected subgraph of the network are analyzed to evaluate
the network performance.

Complex network theory is widely applied to social and
information networks, but it is rarely adopted in freight
transport networks. The current study proposes to apply
this theory to multimodal transport networks. Complex
network theory is general in nature, but its application to
multimodal transport networks is innovative. All the re-
sults can be used as indexes in the management of multi-
modal transport companies. Fig. 1 shows the framework
of the application of complex network theory to multimo-
dal transport network management.
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Vertex

Degree strength

Characteristic
path length

i

Clu%t_cr_ing H Network node l Node fails situation:
coefficient coreness | |juentional or random|

Complex network theory

Complex network modeling

simulation

Results otinode falls /

f Network topology ;

/ Network characteristics /

[Vulnerability of multimodal ]
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Fig.1 Framework of application of results to multimodal transport network management

2 Case Study
2.1 Data and background

For the multimodal transport network, this work con-

siders CIMC Kaitong’s multimodal transport business in
China. In the network, the name of the multimodal trans-
port hub is replaced by the name of the city. Thus, the
city name is used as the node name. Gephi provides sup-
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port for network topology analysis. MATLAB is used for

simulation analysis.
The network consists of 32 nodes and 140 edges. The

degrees of each node city are shown in Fig.2. The depth

of the node color in the graph indicates the size of the
node degree. The deeper the color is, the higher the de-
gree value of the node is. In Fig.3, each encircled num-

ber indicates the city number.
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Fig.2 Node degree in multimodal transport network

Most nodes have small degrees and a low level of vertex
strength, while a few nodes may have high degrees, as
shown in Figs.4 and 5. The nodes with high degrees have
more connections with others and have more choices for

Fig.3 Multimodal transport network topology

2.2 Network characteristic analysis

According to the statistical data of the multimodal
transport network, its topology, vertex strength, degree
distribution, characteristic path length, clustering coeffi-
cient, and the number of cores can be obtained.

14

Vertex strength/1

transport routes than their counterparts with low degrees.
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Degree
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Fig.4 Distribution of node degrees in multimodal transport
network
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Fig.5 Vertex strength in the multimodal transport network

Meanwhile, the nodes with high weight values have
more choices of transport modes and routes than the nodes
with low weights. This characteristic is consistent with
node degree. The nodes with particularly high degree val-
ues, such as Wuhan, Nanchang, and Nanjing, also have
high vertex strength (see Fig. 5). If these nodes fail,
then the multimodal transport network would lose most of
the edges, which are routes in actual scenarios. In such a

case, network connectivity drops to a low level, and the
vulnerability of the multimodal transport network increa-
ses.

The characteristic path length of a multimodal transport
network represents the average number of edges between
the origin and destination of goods being transported. It is
equal to 2. 540 3 in this work. Each node’s path length is
shown in Fig. 6. Therefore, an average of 2. 540 3 edges
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exist between the origin and the destination in the net-
work. Moreover, an average of two transshipment hubs
are utilized during transportation. The greater the number
of transshipment hubs is, the higher the possibility of
multimodal transport will be. When the characteristic path
length is less than 2, the demand for multimodal transport
declines to a low level. This condition is not conducive to
the expansion of multimodal transport networks. The lar-
ger the characteristic path length is, the greater the poten-
tial of transshipment hubs will be, and the more likely
multimodal transport will be adopted. The node with a
large degree has a small characteristic path length, where-
as a node with a large degree has more transport lines to
choose from and is more connected to other nodes. How-
ever, the larger the characteristic path length is, the grea-
ter the impact of node failure will be. In such a case, the
vulnerability of the network increases.

4.0
35

10 15 20 25
Node

30 35

Fig. 6 Characteristic path length in the multimodal transport
network

The vulnerability of a multimodal transport network can
also be reflected by the clustering coefficient, which is an
indicator of network connectivity. In the case of a node
failure, the larger the clustering coefficient is, the stronger
the connectivity of the network will be. In the multimodal
transport network, the clustering coefficient is 0. 621 18,
and clustering coefficient distribution is shown in Fig. 7.
When the clustering coefficient is 1, node failure exerts a
minimal effect on the multimodal transport network.
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Fig. 7 Clustering coefficient of the multimodal transport net-
work

The number of node cores indicates the depth of the
nodes in the network. The nodes with a large number of
cores have great connectivity and strong propagation.
Herein, the number of cores of the multimodal transport
network is 5. In the multimodal transport network, the
high-core nodes are the key nodes (see Fig. 8). When
these nodes fail, the connectivity of the network and its

transportation efficiency are greatly affected.

0 5 10 15 20 25 30 35

Node

Fig.8 Multimodal network node cores

2.3 Network vulnerability analysis of node failures

When the node city of a multimodal transport network
encounters natural disasters, such as floods, earthquakes,
fire,and snowstorms, the node city cannot provide serv-
ices for multimodal transshipment. As discussed in Sec-
tion 2. 2, when a node fails,
change. Hence, the characteristics of a multimodal trans-
port network after node failures should be investigated to

all the characteristics

establish a secure network at a low cost'” and improve
emergency response.

A failing node in a multimodal transport network is de-
fined as a node under an intentional or random attack.
Node failure occurs regularly at specific times and condi-
It is defined as an intentional attack on the net-
work, such as floods in June and July in Wuhan City.
When natural disasters occur randomly and cannot be pre-
dicted, the attack is defined as a random attack. Exam-

tions.

ples include earthquakes and fire. An experiment is con-
ducted to analyze the multimodal transport network under
intentional and random attacks.

The characteristic path length and percentage of the lar-
gest connected subgraph are used to analyze the vulnera-
bility of the multimodal transport network. The nodes
with a large degree are the target of the intentional attack.
The multimodal transport network is more vulnerable un-
der an intentional attack than under a random attack. As
shown in Fig. 9, the characteristic path length and per-
centage of the largest connected subgraph decrease more
sharply under an intentional attack than under a random
attack. The characteristic path length is lower than 2,
with ten nodes under random attack and seven nodes un-
der intentional attack. The percentage of the largest
connected subgraph is below 20% , with ten nodes failing
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Fig. 9
random and intentional attacks. (a) Characteristic path length chan-
ges under random attack; (b) Percentage of largest subgraph changes
under random attack; (c¢) Characteristic path length changes under in-
tentional attack; (d) Percentage of largest subgraph changes under in-
tentional attack

under random attack and seven nodes failing under inten-
tional attack. In these situations, which may be caused by
extremely heavy snow (e. g. , the snow disaster in 2008 )

and the failure of several node cities, the network cannot
operate effectively.

In the multimodal transport network, the nodes with a
large degree are the key nodes that are critical to network
security. Hence, one of the main assignments is to im-
prove the operation and management of these nodes.
When these nodes are unable to function because of a nat-
ural disaster, the efficiency of the whole multimodal
transport network is greatly affected. Companies can con-
sider setting some emergency node cities as key node al-
ternatives in collaboration with other transport companies.

3 Conclusions

1) This study proposes to apply complex network theo-
ry to the analysis of the topology and vulnerability of a
transport Data from CIMC
Kaitong’s multimodal transport network are selected as a

multimodal network.
case study to implement the proposed method. All the re-
sults can support the company’s daily operations and
emergency management.

2) The results of the multimodal transport network to-
pology and characteristics can serve as indexes in network
management. Specifically, the node degree and vertex
strength are the indexes of the key node. The characteris-
tic path length should be above 2, and the clustering coef-
ficient and network node core should be high. The node
with a large degree in the multimodal transport network
has a small clustering coefficient and a large number of
cores.

3) This work provides a method for analyzing the vul-
nerability of a multimodal transport network. The results
should assist managers in preparing for cases of node fail-
ure.
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