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In this paper, we construct a regional logistics model from a macroperspective. First, based on the gravity model, the index of
logistics attraction between cities is established as the weight of the model, and hence the regional logistics weighted model is
constructed. Next, we use the social network analysis method to analyze its structure and make specific recommendations for the
construction of logistics networks. Finally, we analyze the model’s response to random attacks and deliberate attacks. From our
study, it is found that when the failure nodes or edges reach a certain percentage, the regional logistics network will collapse on a
large scale. *erefore, it is important to optimization the threshold of the regional logistics network. *is clearly provides a new
perspective for the study of the regional logistics networks.

1. Introduction

With the rapid development of e-commerce and the in-
creasing close cooperation between enterprises, the logistics
industry has become the focus of attention from all walks of
life. On the other hand, the demand for regional logistics
network is also increasing. At present, the study of regional
logistics network mainly focuses on the allocation and co-
ordination of logistics resources among enterprises, which
include (i) the location of the logistics distribution center;
(ii) the layout of the regional logistics network; and (iii) the
emergency response capability and regional logistics net-
work optimization, for example, the P-median problem [1]
which considers the location of the logistics center [2–5]
from the viewpoint of the shortest distance from all logistics
nodes to the logistics center. On the other hand, the location
of the logistics center problem has been studied from the
perspective of covering problem [6–9] and fixed-charge
facility location problem [10–13]. *e layout of the regional

logistics network is mainly modeled as a hub-and-spoke
network, where the logistics center is the “axis” and the
logistics connections with other nodes are the “spokes”. Such
networks are studied to achieve minimum cost or optimal
transportation efficiency [14–18]. In the existing literature,
the emergency response capabilities of regional logistics
networks (such as extreme weather) are also being discussed.
For example, Wang and Xiao [19] proposes a chain failure
recovery method for supply chain network based on ant
colony algorithm. Hu et al. [20] proposes a multitask model
to study the impact of road congestion on the regional
logistics network and develops an optimization strategy. We
have noticed that the current research on regional logistics
network is mainly from a microperspective, using econo-
metric analysis method to analyze a certain aspect of the
logistics industry. However, such research does not provide
enough results to reflect macrocharacteristics. *e complex
network theory developed in recent years provides a tool for
regional economics from a macroperspective [21–23]. For
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example, Meepetchdee and Shah [24] discuss the growth,
robustness, and benefits of logistics networks and uses the
complex networks to simulate logistics networks. Viljoen
and Joubert [25] uses complex networks to discuss stability.
In addition, many scholars use the complex network theory
to explore the structural characteristics of urban traffic
networks and aviation networks [26–29]. However, the
weights of network connections are not considered in the
above studies. Some of the weights being chosen are un-
reasonable, which leads to a large gap between the estab-
lished regional logistics network and the actual situation.
*erefore, it is necessary to construct a more realistic re-
gional logistics network and propose specific logistics net-
work optimization strategies.

When studying the regional logistics network on a
complex network, we usually simulate the regional logistics
network based on theoretical knowledge by considering the
interaction between nodes and the influence of the network
on the nodes. In this paper, we establish the index of an
urban logistics linkage based on the gravity model and the
self-selection characteristics of logistics nodes. *en, the
intercity logistics linkages are introduced into the regional
logistics network as the connection weight, and the regional
logistics weighted network is established. Such an investi-
gation provides a new approach to construct the regional
logistics weighted network model. On this basis, combined
with complex network theory, the statistical properties and
topological structure of the regional logistics weighted
network are discussed, the stability and robustness of the
network are analyzed, and a more stable topological
structure model of the regional logistics network is found.
Compared with the previous research, we use the failure area
to describe the response of the regional logistics network
under random attacks and deliberate attacks. *e consid-
eration is comprehensive. *en, we improve the compre-
hensive robustness optimization model, discuss how to
maximize the comprehensive robustness of the regional
logistics network at a limited cost, and search for the optimal
solution through Python.

*e reminder of the paper is organized as follows. In
Section 2, we describe the mechanism of building a regional
logistics weighted network model. In Section 3, we take
Jiangsu-Zhejiang-Shanghai region, the most developed
e-commerce region in China, as an example to establish a
regional logistics weighted network. *en, we analyze the
statistical characteristics of the system using complex net-
work theory. In Section 4, we discuss the robustness of the
regional logistics weighted network, develop the optimiza-
tion strategy of the model and consider its robustness, and
seek the optimal solution of the model at a limited cost.
Conclusions are drawn in Section 5.

2. Regional Logistics Weighted Network

Regional logistics network is mainly composed of nodes and
edges, in which nodes denote different cities and edges
mainly represent transportation routes between cities. Since
the focus of this paper is on the study of logistics in a small

area, the nodes represent county-level cities within the re-
gion and the edges represent transportation roads.

We use Z to denote all nodes i in the regional logistics
network, N the node connection matrix, and n(i, j) the
connection between nodes i and j. *us, N is given by

N � (i, j) | n(i, j) � 1, (i, j) ∈ Z, n ∈ N . (1)

For n(i, j) � 1, it implies that there is a logistics con-
nection between node i and node j, and n(i, j) � 0 means
that there is no logistics connection between node i and
node j. Based on formula (1), we establish a weighted re-
gional logistics network model which has weighted infor-
mation of all edges between nodes. *us,

W � (i, j) | w(i, j) � Hij, (i, j) ∈ Z, h ∈ U , (2)

where w(i, j) denotes the logistics connection weight be-
tween node i and node j and U denotes the connection
weight matrix between nodes. *e construction method of
Hij is described below.

According to the gravity model, the index of intercity
logistics linkages is established and hence the weight index of
regional logistics network. Based on the autonomous se-
lectivity and preference of nodes in the regional logistics
network and the joining of the regional logistics network,
new nodes often establish logistic linkages with nodes having
strong logistics competitiveness. From a market perspective,
the supply-demand relationship of logistics industry directly
reflects the logistics competitiveness of nodes, while the
freight volume of the node directly reflects the demand of the
node logistics industry. *e logistics supply capacity of the
node is determined by the logistics cost. *e logistics cost
mainly refers to the transportation cost and labor cost, which
is proportional to distance. *e greater the distance between
two nodes, the greater the cost of forming a logistics con-
nection. In summary, we select two indices from the logistics
evaluation system: the freight volume of the node and the
road distance between two nodes. Nodes with large freight
volumes have high logistics demands and are more attractive
to surrounding nodes. On the other hand, the shorter the
distance between two nodes, the lower the cost of forming
logistics connection. *e regional logistics system is
expressed as the abovementioned supply and demand
model. *rough the construction of the gravity model, we
take the intercity logistics linkage index Rij as the influ-
encing factors of the system, which is positively correlated
with the freight volume and negatively correlated with the
distance between two nodes. *us,

Rij �

���
MI


∗

���
Mj



Dij

,

Hij �
Rij


n

i�1Rij

,

(3)

where Mi and Mj are freight volumes of node i and node j,
respectively, Dij is the distance between i and j, and Hij

denotes the degree of node i and node j. We use Hij to
denote the weight between node i and node j in (2), i.e.,
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h � Hij. *e regional logistics weighted network can be
described as

R � (Z, N, U), (4)

where Z is the set of all nodes, N is the connection state
between nodes, and U is the connection weight between
nodes.

3. Case Study: Regional Logistics Weighted
Network in Jiangsu-Zhejiang-
Shanghai Region

Taking Jiangsu-Zhejiang-Shanghai region as an example, we
establish a regional logistics weighted network. In this
model, each node represents a city. *e connection weight is
the degree of logistics membership between nodes. We get
the latest freight volume from the 2017 Statistical Yearbook
of China. *e shortest road distance between cities is ob-
tained from the map of China. According to formula (3), we
get the attraction of intercity logistics linkages among 118
nodes. After further processing, we get the membership
degree of nodes and then construct the regional logistics
weighted network in this area. *e results of the regional
logistics weighted network obtained by Ucinet are shown in
Figure 1. As shown in the Figure 1, the cities with large
freight volumes, such as Shanghai, Hangzhou, and Ningbo,
are more attractive to the surrounding cities, and as such, it
is easy for these cities to generate contacts with nodes. *ese
cities are in network-intensive areas.*e cities far away from
the surrounding cities with small freight volume are difficult
to generate contacts with the network. *ese cities are in the
marginal area of the regional logistics network.*e situation
shown in Figure 1 is basically consistent with the reality.
Based on the complex network theory, we analyze the
network structure of the regional logistics weighted network
from the statistical characteristics.

3.1. Degree and Degree Distribution. *e degree of a node
refers to the number of other nodes connected to the node,
which is often used to describe the capacity of the node. We
use ki to represent the degree of node i, ki � i≠jn(i, j). *e
average degree k of the network is 9.8136, and the degree
distribution of the logistics network is shown in Figure 2.
From Figure 2, we see that Suzhou is the node with the
largest degree, up to 43, followed by Wuxi (32), Shaoxing
(30), Jiande (28), Hangzhou (21), Shanghai (19), and Nanjing
(18). We note that although Shanghai’s GDP is much higher
than its surrounding cities such as Hangzhou, it is not the
most important logistics node in the network. *erefore, we
should not only consider regional GDP to select the central
node of the regional logistics network. *e location factor
should also be taken into consideration as a reference index.

As shown in Figure 3, we find that only a few nodes in the
regional logistics weighted network have high degree. Most
nodes have degrees distributed between 0 and 15. *e re-
gional logistics weighted network is very uneven having the
characteristics of scale-free network. *is kind of network
has obvious weaknesses. Attacks on key nodes in the

network can easily lead to large-scale paralysis. On the other
hand, the uneven structure of network model can easily
cause network congestion. Based on the above discussion,
since it is easy for the nodes in Suzhou, Wuxi, Shaoxing,
Jiande, and Hangzhou to produce logistics links with their
surrounding nodes, it is more reasonable, from the per-
spective of the construction of the whole regional logistics
network, to choose these nodes as the central locations of the
regional logistics network.

*rough the above analysis on the degree distribution,
we find that a small number of nodes in the regional logistics
network are hub nodes, and the degrees of most of the nodes
are relatively small. Furthermore, we measure the degree
distribution characteristics of the regional logistics network
by the cumulative distribution function P> k, as shown in
Figure 4. We assume that there is a constant C and a power
exponent c, which satisfy P ∼ Ck−c. *en, we can infer that
the processed data approximately conform to the power-law
distribution. We use SPSS for exponential fitting and use the
nonparametric KolmogorovSmirnov test to verify the hy-
pothesis. *e results are shown in Tables 1 and 2. *erefore,
we believe that the regional logistics weighted network has
scale-free network characteristics and thus is a scale-free
network.

3.2. Average Shortest Path Length. *e shortest path length
Lc refers to the path connecting the two nodes with the least
number of edges in the network. *e average shortest path
length L is the average of the shortest path lengths of all
nodes in the network. *e average shortest path length L of
the regional logistics weighted network is 3.069. Although
the structure of the network seems complex and huge, the
distance between nodes is not far away, which further shows
that the network has the characteristics of small world
network according to complex network theory.

3.3. Betweenness Centrality. Betweenness centrality is an
index to describe the importance of a node by the number of
the shortest paths of the node. *e distribution of the be-
tweenness centrality of the regional logistics weighted net-
work is shown in Figure 5, which shows that there are five
distinct peaks corresponding to Jiande, Dongyang,
Changzhou, Suzhou, and Yizheng. *e above nodes have
significant influences on the connectivity of the network. In
addition, we also find that the nodes of Yongjia, Pingyang,
Pujiang, Kaihua, Daishan, Qixian, Xianju, Longquan, Qin-
gyuan, Suichang, Jingning, Pei, Kunshan, Taicang, Qidong,
Jurong, Jingjiang, Taixing, Shuyang, and Sihong have be-
tweenness centrality 0. *ese nodes contribute little to
network connectivity, and hence they can almost be ignored.

3.4. Clustering Coefficient. *e clustering coefficient Ci re-
fers to the connection between other nodes connected to i.
*e higher the clustering coefficient Ci is, the closer the
relationship between the neighbors of i is. *e clustering
coefficient Ci is defined as
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Ci �
2Ei

ki ki − 1( 
. (5)

*e average clustering coefficient C refers to the average
of the clustering coefficients of all nodes in the network. *e
average clustering coefficient C of the regional logistics
weighted network of Jiangsu-Zhejiang-Shanghai region is
obtained as 0.5868 usingMATLAB.*ere are many nodes in
the regional logistics weighted network, these nodes are
actually closely linked through the connection, and the
distance between nodes is much smaller than imagined. *e
clustering coefficients of each node are shown in Figure 6.

According to Figures 1 and 6, the clustering coefficients
of Yongjia, Pingyang, Pujiang, Kaihua, Daishan, Shengsi,
Xianju, Peixian, Kunshan, Taicang, Jurong, Taixing, and
Siyang counties are 1, which indicate that the other nodes
connected with these cities are fully connected. *e above
nodes are in a very stable network structure. *e clustering
coefficients of Wencheng, Taishun, Lishui, Longquan,
Qingtian, Yunhe, Qingyun, Jinyun, Suichang, Songyang,
Jingning, Qidong, Jingjiang, and Sihong are 0, implying that
these nodes are totally disconnected. If such nodes are in the
bridge position in the network model, they will easily cause
network paralysis when attacked. Figure 1 shows that this
kind of nodes either have only one connection node, or the
nodes connected to them are disconnected. If such nodes are
in the bridge position in the network, they will easily cause
network paralysis when attacked.

Figure 1: *e regional logistics weighted network of Jiangsu-Zhejiang-Shanghai area.
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4. Robustness of Regional Logistics
Weighted Network

*e regional logistics network is the basis of interregional
economic cooperation and an important guarantee for the

coordinated development of regional economies. *rough
the above analysis of the statistical characteristics of the
regional logistics weighted network, it is found that the
network has an extremely uneven network structure. For
this kind of network structure, the failure of logistics nodes
or edges caused by traffic jams, traffic accidents, natural
disasters, bad weather, or major incidents may lead to large-
scale failure of the logistics network. *erefore, it is of great
significance to discuss how to improve the ability of the
regional logistics network to respond to various emergen-
cies. We further analyze the robustness of regional logistics
network model and discuss methods to optimize the ro-
bustness of the network at a limited cost.

4.1. Robustness Analysis of the Network. *e robustness
analysis of a complex network refers to the analysis of the
connection state between nodes and the change of the whole
network connection state when the network is attacked
intentionally or randomly. Intentional attack refers to the
failure of a certain percentage of important nodes or edges in
the network. Random attack refers to completely random
failures of nodes or edges in the network. In this paper, we
choose the relative scale of the maximum connected sub-
graphQ to measure the robustness of the network after being
attacked.

Q �
s

S
, (6)

where s is the maximum connected subgraph range of the
network when the network is attacked and S is the initial
scale of the network. *e smaller the relative scale of the
maximum connected subgraph, the more serious the
damage of the regional logistics network is. Simulate the
above situation by Python, the results are shown in Figures 7
and 8. Figure 7 shows the trend of Q under various node
failure strategies. Figure 8 shows the trend of Q under
various edge failure strategies. From Figure 7, we can see that
in the case of random attack on nodes in the regional lo-
gistics weighted network, Q shows a linear trend and slowly
decreases as the number of nodes being attacked increases.
Under random attack, the effect of each node being attacked
is not much different, so it will only reduceQ by a very small
value. *is clearly shows that the regional logistics weighted

Table 2: Summary of hypothesis tests.

Original hypothesis Test Significance Decision
*e cumulative distribution is exponential distribution with
an average of 0.200

Single-sample
KolmogorovSmirnov test 0.062 Keep the original hypothesis
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Table 1: Summary of statistical analysis.

Coefficient
Coefficient of nonstandardization Standard coefficient t Significance
B Standard error β

Degree −0.112 0.002 −0.994 −57.093 0.000
(Constant) 1.205 0.060 20.181 0.000
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network has strong robustness under random attack. Under
intentional attacks, Q decreases as the number of failed
nodes increases. When the number of failed nodes reaches
20, the relative scale of the maximum connected subgraph Q
of the regional logistics weighted network shows a rapid
shrinking trend, indicating that the regional logistics
weighted network is no longer robust. *is phenomenon is
consistent with the characteristics of scale-free networks,
which is robust to random failures but is vulnerable to
intentional attacks. Figure 8 shows that under random at-
tack, when the number of failed edges of the regional lo-
gistics weighted network is less than 300, the Q value of the
network will not change significantly and basically remains

at about 0.95. Under intentional attacks, the robustness of
the network is obviously weaker than that under random
attacks. When the number of failed edges in the network
exceeds 100, the decline rate of the Q value increases sig-
nificantly. When the number of failed edges exceeds 200, the
Q value will decrease linearly and the regional logistics
weighted network will be paralyzed in a large area. *e
regional logistics weighted network is not very robust to the
intentional attack strategy of nodes or edges. *erefore, we
propose a robust optimization model based on the existing
robustness research and discuss how to maximize the ro-
bustness of the regional logistics weighted networks under a
limited cost.

4.2. Robustness Optimization of the Network. At present,
there are few studies on the robust optimization of scale-free
networks. In [30, 31], an in-depth study of the phase
transition characteristics of the scale-free networks is carried
out, where criteria for determining the existence of the
largest interconnected group in the network are derived, and
the threshold Pc is established for scale-free networks in
response to intentional and random attacks. When the one-
time failure ratio of scale-free network P>Pc, scale-free
network will fall into a large area of failure [30, 31]. On this
basis, by combining the penetration theory and an opti-
mization method, an optimization model of scale-free
networks under random and intentional attacks is proposed
in [32]. More specifically, based on the percolation theory
and an optimization method, it can quantify the robustness
index of the regional logistics network in response to ran-
dom attacks and intentional attacks, *en, it will be able to
establish a comprehensive robust optimization model of the
regional logistics system under the cost constraints and to
find the optimal solution of the robust optimization model
under a limited cost.

*e aim of this paper is to maximize the threshold Pc of
the network subject to the constraints on the cost. When
scale-free networks are attacked randomly, the threshold
Pc
random is

P
c
random � 1 −

1
k0 − 1

, (7)

where k0 can be obtained as

k0 �


K

k�m
k
2


K

k�m
k

, (8)

while m is theminimumnode degree andK is themaximum
node degree. When scale-free network is attacked inten-
tionally, the threshold Pc

target is given by

P
c
target �

K∗

m
 

1−c

−
1
n

, (9)

where n is the number of network nodes,K∗ is themaximum
node degree after the node is inactivated, and c is the ex-
ponential value of the degree distribution of the network.
Here, K∗ is given by
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K∗

m
 

2−α

− 2 �
2 − α
3 − α

m
K∗

m
 

3−α

− 1⎡⎣ ⎤⎦. (10)

*erefore, the comprehensive threshold of robustness
can be expressed as

P
c
total � αP

c
random + βP

c
target, (11)

where α and β � (1 − α) are weights of random attack and
intentional attack thresholds, respectively. It is known that
the robustness of the logistics network will be enhanced
when new nodes or connections are introduced. However,
the cost of establishing new logistics nodes or links is high.
Based on the above theory, we design the robust optimi-
zation model for the regional logistics network under fixed
cost.

To enhance the robustness of regional logistics network,
new logistics warehouses can be added between current
logistics nodes and new logistics links can be established
between nodes. We assume that the total cost is C, the cost of
introducing a new logistics node is a, and the cost of

establishing a new logistics connection is b. *e robust
optimization model of the regional logistics network can be
expressed as

maxP
c
total � αP

c
random + βP

c
target

s.t.: aNV + bNe ≤C

0≤Nv <
C

a

0<Ne ≤
C

b
,

(12)

where NV is the number of newly introduced nodes and Ne

is the number of newly established logistics connections.*e
design procedures of the optimization program are as
follows:

(i) Introduce new nodes or edges to the regional lo-
gistics network. *en, test whether or not the cost
constraints in the optimization model are met.

Begin

End

i = i + 1

Record new degree (K); Ne; Nv

N

Retain the new adjacency matrix A 
that maximizes Pc

total

Whether Ne
satisfies 

i = 1

Whether Nv
satisfies 

N

Calculate the number of new nodes Nv

Calculate the number of new edges Ne

Figure 9: Flow chart of robust optimization.

Table 3: Regional logistics network optimization results.

(Chunan, Pujiang) (Tonglu, Tongxiang) (Tonglu, Zhenjiang) (Tonglu, Leqing)
(Chunan, Deqing) (Shanghai, Jinhua) (Chunan, Longyou) (Yuyao, Wenchen)
(Ruian, Shaoxing) (Shanghai, Yiwu) (Yuyao, Zhenjiang) (Cixi, Suining)
(Yongjia, Cangnan) (Xiangshan, Zhenjiang) (Shaoxing, Nantong) (Shaoxing, Yangzhou)
(Shaoxing, Zhenjiang) (Jiande, Shaoxing) (Hnagzhou, Zhenjiang) (Shaoxing, Changzhou)
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(ii) If the restrictions are not met, the cost has been used
up and the result is obtained. If the constraints are
satisfied, calculate the Pc

total of the regional logistics
network with the new nodes or edges having in-
troduced to all its possible locations. *e maximum
value of Pc

total is retained.
(iii) Record the location of the newly introduced nodes

and edges, output Pc
total, and the new connection

matrix.

*e logic diagram of the optimization program is shown
in Figure 9, which is implemented by Python.

For the regional logistics weighted networks, the ability
to resist intentional attacks is more important than the
ability to resist random attacks. *erefore, we assume that
the weight of random attack α � 0.3 and the weight of in-
tentional attack robustness β � 0.7. *e Pc

random of the initial
logistics network is 0.93522, the Pc

target of the initial logistics
network is 0.001162, and the comprehensive threshold Pc

total
is 0.281379. Assume that the cost of establishing new lo-
gistics nodes NV is 20, the cost of establishing new logistics
connections Ne is 10, and the total cost C is 200.*rough the
above optimization program, the output result is NV � 0
and Ne � 20; the locations of including new nodes and
connections are listed in Table 1. *e Pc

random of the opti-
mized regional network is 0.93792, and the Pc

target of the
optimized regional network is 0.041338. *e comprehensive
robustness threshold Pc

total � 0.31031 is 8.8% higher than
that of the original network robustness.

Based on the above discussion, we believe that when we
optimize the robustness of the regional logistics weighted
network of Jiangsu-Zhejiang-Shanghai region under a
limited cost, adding the above connections as shown in
Table 3 can maximize the comprehensive robustness of
regional logistics.

5. Conclusion

In this work, our study was mainly focused on the con-
struction of regional logistics network and the development
of robust optimization. We established the regional logistics
weighted network from a macroperspective. *rough the
discussion and analysis of this paper, the summary is as
follows:

(1) Compared with previous studies from the single
node location [2–5] or hub model [14], we studied
the logistics activities of a region from the per-
spective of macronetwork. According to the relevant
economic research, we believe that the logistics
nodes have self-selection capabilities and con-
structed the attractiveness index of logistics nodes as
the weight of the regional logistics network. It is
found that the economically developed cities are
located in dense areas of logistics networks. For
economically underdeveloped cities, they are located
in sparse areas of logistics network. *e results
obtained are in line with the actual situation. *is
also verifies the feasibility of our modeling ideas.

(2) We analyze the regional logistics network model of
Jiangsu-Zhejiang-Shanghai through the social net-
work method. *e average shortest path length is
3.069 and the aggregation coefficient is 0.5868. Al-
though there are many nodes in a single regional
logistics weighted network model, the average degree
and average path length are not large, which shows
that it has obvious small world characteristics. On
this basis, we can provide more economic insights
for the construction of regional logistics networks.

(3) *rough robustness analysis, it is found that the
Jiangsu-Zhejiang-Shanghai region logistics network
model is robust in the face of random attacks and is
prone to large-scale failures when facing deliberate
attacks. *is is also a common feature of scale-free
networks. When α� 1 and β� 0, the robust opti-
mization model can resist random attacks which is in
line with the results obtained in [28]. When α� 0 and
β� 1, the robust optimization model can resist de-
liberate attacks which agrees with the results re-
ported in [29]. We comprehensively considered the
response of the regional logistics network to the two
kinds of attacks. *en, we established a compre-
hensive robustness index for the critical value of
large-area failures and discussed how to maximize
performance under fixed costs. Finally, taking
Jiangsu-Zhejiang-Shanghai region logistics network
model as an example, specific experimental results
are given.

When establishing a robust optimization model, this
paper simplifies the actual situation by ignoring the dif-
ference in connection costs between different nodes. We
only discuss static models. In future research, various
practical factors should be taken into account in the in-
vestigation of the regional logistics networks.
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