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How to identify the key nodes eﬀectively in urban traﬃc networks to achieve the equitable resource allocation face to the complex
traﬃc network? This issue needs to be solved in current traﬃc management. This study considered the urban traﬃc network
topology and network traﬃc status, put forward an improved model based on the economics of the input-output method by
introducing a virtual node to the selected network set up with the ﬂow of urban traﬃc network, sensor nodes by Leontief inverse
matrix calculation coeﬃcient to determine node importance, according to the node importance to deliberate attack traﬃc network
to analyze its robustness, to test the accuracy and practicability of the method. The results show that this improved method
adopted to measure the importance of traﬃc nodes from the global scope has the advantages of fast calculation and simple process
and provides a more reliable basis for rational allocation of transport resources.

1. Introduction
The topological characteristics of urban integrated traﬃc
networks could determine the importance of nodes in the
network, and the identiﬁcation of the signiﬁcance of different nodes in urban traﬃc networks is crucial to the study
of urban traﬃc resilience and the reduction of the operational eﬃciency of urban traﬃc networks under unexpected
conditions. With the accelerating urbanization process, the
traﬃc volume of the urban road network has increased
dramatically. Therefore, it is of great signiﬁcance to assess
the importance of nodes in the integrated urban traﬃc
network for urban transportation management.
There have been many research results in the study of the
importance of nodes in complex networks and

transportation networks. White & Smyth deﬁned and
studied the relative importance of nodes in the network, and
constructed a basic theoretical framework about the importance of nodes in complex networks [1]. Chen et al.
considered the information of nodes, the nearest neighbor
nodes, and the next neighbor nodes in the network, and
measured the importance of nodes in complex networks by
deﬁning multilevel neighbor information indicators [2].
Kitsak et al. conducted a study on the ranking index of node
importance by considering the position of nodes in the
whole network [3]. Chen & Sun constructed an evaluation
model combining node proximity and neighborhood criticality to examine the importance of complex network nodes
[4]. Yu et al. built an attribute decision-based node importance evaluation model for complex networks, which can
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be adopted to identify the important nodes in complex
networks [5]. Coscia et al. showed Node Vector Distance
(NVD) problem has many signiﬁcant applications and
established a roadmap that can provide useful and computationally tractable solutions [6]. For the eﬀective identiﬁcation of key nodes in the transportation network, most of
the existing research results are aimed at the complex and
functional properties of traﬃc networks. For instance, Song
et al. selected three evaluation indicators of connectivity,
intermediate center, and proximity measuring the signiﬁcance of urban roads to construct the urban road importance
evaluation model [7]. Zhang & Yao introduced the evaluation indexes to deﬁne the running state fragility and
structural fragility of the urban road network [8]. Li et al.
chose the global eﬀectiveness as the index to recognize the
key nodes and key sections of road networks based on the
characteristics of multimodal composite traﬃc networks in
urban clusters [9].
In the existing studies, the classical identiﬁcation
indicators of key nodes are more concerned with the
topological characteristics of the traﬃc network, but the
dynamics and overall aspects of urban traﬃc networks are
less considered. This paper proposes an improved method
to identify key nodes of urban traﬃc networks based on
the theory of virtual input-output method combined with
static and dynamic characteristics of urban traﬃc networks. This method is applied to actual cases for key node
identiﬁcation. In order to test the eﬀectiveness of the
improved virtual input-output method in identifying key
nodes of urban traﬃc networks, the traﬃc network robustness is analyzed after the nodes are deliberately
attacked according to the importance of the nodes. After
testing, it can be concluded that the identiﬁcation method
of key nodes proposed in this study is simpler, more
practical, and has higher accuracy.

2. Evaluation Model of Importance of Urban
Traffic Nodes Based on Input-Output Method
2.1. Method for Identifying Importance of Urban Traﬃc
Network Nodes. The urban transportation network is essentially a complex network with topological characteristics.
Considering the node importance in urban transportation
networks, the research focus should be on how to identify
the importance of nodes. The classic identiﬁcation methods
of key nodes in the network are as follows: the degree
centrality of the degree value of the network node, the
betweenness centrality of the network node, the closeness
centrality of the node in the network, and the node in the
network compactness. These methods focus more on the
topological characteristics of the network, which are used for
identifying key nodes in the transportation network. When
determining critical nodes, it is common to use parameters
(e.g., saturation, capacity, and average latency time) for
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measurement. These parameters reﬂect the dynamic characteristics of distinct nodes in the urban transportation
network. However, it is diﬃcult to reﬂect the overall network
structure and the interaction with nodes in the urban
transportation network. These interactions are the key basis
for determining the importance of urban transportation
network nodes.
Based on the virtual input-output method, this research
builds a new method of identifying key nodes of the urban
transportation network, combined with the topological
characteristics of the urban transportation network and realtime traﬃc volume. It can introduce a virtual node into the
network created by urban traﬃc networks and sensor nodes.
This method can eﬀectively determine the importance of
traﬃc nodes from the global scope and thus better allocate
resources in the case of complex traﬃc networks. This is
conducive to the government to propose dynamic policies
which can better improve the stability of traﬃc [10]. The
basis of this method is the economic input-output model,
which applies the key industry identiﬁcation method in the
input-output model to the evaluation of the importance of
urban transportation network nodes.
2.2. Economic Input-Output Model. The input-output model
was ﬁrst proposed by American economist Wassily Leontief,
which reﬂects the ﬂow and exchange of products and services between various industrial sectors in an economic
system in a certain period [11]. According to the input and
output of the industry, an input-output matrix can be obtained. The rows of the matrix represent the consumption or
input of products produced by various sectors of the national
economy, and the columns represent the output or value
formation of products of numerous sectors. After calculation, it can intuitively reveal the relevance of diverse industries in economic activities [12].
Assume that there are N departments in a certain
economic ﬁeld and xij represents the value of intermediate
products provided by the i department to the j department,
according to the balanced relationship of the input-output
model:
n

 xij + Yi � Xi ,

i � 1, 2, . . . , n.

(1)

j�1

The direct consumption coeﬃcient can be obtained:
xij
aij � , i, j � 1, 2, . . . , n.
(2)
Xj
It can be xpressed as a matrix:
 − 1,
A�Q×X
where

(3)
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departments to produce the unit’s ultimate product. The
sensitivity coeﬃcient reﬂects the degree of inﬂuence of a
certain industry on the other industries in the economic
system. The coeﬃcient being greater than 1 can indicate that
the demand sensitivity of the industry is higher than the
industry average. On the contrary, when the inductance
coeﬃcient is less than 1, it is lower than the industry average.
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According to formulas (1) and (2), the complete consumption coeﬃcient can be obtained:
n

bij � aij +  bik akj ,

i, j � 1, 2, . . . , n.

(5)

k�1

It can be expressed in matrix form as shown below:
B � (I − A)− 1 − I,

(6)
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Then (I − A)− 1 is called the Leontief inverse matrix.
Let Aij denote the coeﬃcient of row i and column j in
matrix (I − A)− 1 ; then the sensitivity coeﬃcient Si can be
obtained:
Si �

(1/n) nj�1 Aij
2

1/n  ni�1 nj�1 Aij

,

(i, j � 1, 2, . . . , n).

(8)

The sensitivity coeﬃcient is an important concept in the
input-output method. It can reﬂect the economic dependence and mutual inﬂuence between industries. The
meaning of the inductance coeﬃcient is the degree of demand induction that a certain department receives when
each department produces a unit of the ﬁnal product, that is,
the output value provided by the department for other

2.3. Improved Virtual Input-Output Method. In addition to
the application in the economic ﬁeld, the input-output
model has also been extended to other noneconomic ﬁelds.
Zhu et al. adopted the virtual input-output method to rank
the importance of Chinese railway network nodes. Compared with other algorithms, the results are more in line with
people’s intuitive understanding of the importance of stations [13]. Shen et al. used the method of obtaining the
inverse matrix of the input-output matrix of the closed ﬂow
network to calculate the inﬂuence of the nodes in the
network and applied it to the research of evaluating the
inﬂuence of the subject ﬁeld [14].
In the traditional input-output model, when each industry produces one unit of the ﬁnal product, an industry
with a larger inductance coeﬃcient needs to increase production more, and the more it reﬂects the status of the basic
industry. When the economy grows rapidly, the industry
would have the greatest demand pressure. However, the
assessment standards which do not focus on the operation
stage may cause inaccurate results [15]. In the calculation
example of the virtual input-output method in this article, it
can be understood that when each node in the road network
increases the traﬃc volume by one unit, the large nodes need
to increase the greater traﬃc volume to match it, and they
receive inﬂuences from other sources. The pressure on the
nodes will also increase.
This paper studies the urban transportation network with
the virtual input-output method, which can be regarded as a
ﬂow network. A ﬂow network is a directional weighted network.
The connected edges between nodes represent the direction of
network media ﬂow, and the weight of the edges in the network
represents the amount of traﬃc. The nodes of the ﬂow network
can be source, sink, or general path nodes [16]. The source is the
node where the ﬂow is generated, the sink is the node where the
ﬂow disappears, and the general road node plays the role of the
passage. Streaming networks are similar to ordinary complex
networks, and both can be expressed as matrices.
In a complex network, the elements of the matrix represent the connection between nodes i and j in the network.
If the value is equal to 1, it means that the two nodes are
connected. Otherwise, they are not connected. In the
streaming network, the expression form is the same, except
fij represents the size of the traﬃc from i to j, and fij may
not be equal to fji . By using the virtual input-output
method, the edges in the urban transportation network can
be regarded as industrial connections in the input-output
system, and the ﬂow from one node to another node in the
urban transportation network can be regarded as the inputoutput system provided by an industry an intermediate
product in another industry.
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Due to the diﬀerence between urban transportation
networks and industrial economics, when we apply the
economics input-output method to the identiﬁcation of key
nodes in the transportation network, it is necessary to
consider the urban transportation network as a nonclosed
ﬂow network, which has the problem of ﬂow at the network
boundary. Some activities in the close ﬂow network might
aﬀect the basis of the local ecological system negatively [17].
In order to solve this problem, the author applied the
method used in social network node inﬂuence ranking,
adding a virtual node n in the research object, allowing this
node to be analyzed as a source and a sink of the research
network simultaneously. The boundary nodes of the experimental network are bidirectionally connected [18]. The
urban transportation network, after adding sources and
sinks, provides the feasibility for the subsequent application
of the input-output method to identify key nodes of the
urban transportation network. Compared with the traditional method, the improved virtual input-output treats each
node in the transportation network as each sector in this
model and introduces virtual nodes to build a new urban
transportation network structure. After calculating the inductance coeﬃcient of a traﬃc network node, the importance of the node can be evaluated. Therefore, the robustness
of the traﬃc network after failure can be analyzed and
judged. The model is conducive to the rational allocation of
traﬃc resources by the relevant departments.

3. Case Study
This paper chose the regional road traﬃc network composed
of Yatai Street, Minkang Road, Xisandao Street, and
Dongsandao Street in Jilin City as the research object (the
original data of the traﬃc network comes from “Research on
key nodes and road section identiﬁcation methods of urban
road traﬃc networks” [19]). Then we ranked the importance
of nodes at 10 intersections in the study area and used the
traﬃc data during the morning rush hour (7:30–8:30) on
December 24, 2013 (Tuesday) as an example to verify the
evaluation method eﬀectiveness.
3.1. Regional Traﬃc Network Construction. The regional
traﬃc network is an area composed of m, i, h, d, a, b, l, and n.
Among them, m, i, and h are one-way lines from northeast to
southwest; g is one-way lines from southwest to northeast,
which is no traﬃc ﬂow in the opposite direction. The network includes 10 intersections, and the road network
structure is shown in Figure 1.
Among them, the inbound traﬃc ﬂow of each network
node is shown in Table 1.
3.2. Evaluation of Importance of Traﬃc Nodes Based on Improved Virtual Input-Output Method. Suppose the saturation of a speciﬁc lane j at an intersection is xj , and n is the
number of lanes at the intersection, then the average saturation x � (1/n) nj�1 xj of the entire intersection and the
saturation of each intersection are calculated as shown in
Table 2.
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Figure 1: Experimental traﬃc network structure.

By using the improved virtual input-output method, an
urban traﬃc network system was established. Each node of
this network system is represented by each department in
the input-output model. The ﬂow of two adjacent nodes has
represented the value of the intermediate product provided
to the other party by the department in the input-output
table. After that, the virtual node n is introduced. Then, by
constructing the Leontief inverse matrix, the sensitivity
coeﬃcient of the nodes in the urban traﬃc network can be
calculated. Then, the virtual nodes in this experiment were
deleted because they only participated in the calculation
process in this experiment which had no practical signiﬁcance. The inductance coeﬃcient after excluding the virtual
node in this experiment is shown in Table 3.
It can be known from the deﬁnition of the inductance
coeﬃcient that the sensitivity of a node represents the
importance of this node in this system. The greater the
inductance of a node, the more susceptible the node is to the
traﬃc of other nodes in the urban transportation network,
and the increase in traﬃc in the transportation network is
more likely to cause pressure on the node. In this experiment, the inductance coeﬃcients of nodes 1, 2, 7, and 8
exceed 1, which is greater than the average inductance
coeﬃcient of the whole network. It shows that in this experimental road network, when the traﬃc volume of the
whole network increases, the traﬃc of these four nodes
would be increased signiﬁcantly. And the importance of
these four nodes in the urban transportation network is
relatively higher.
In the actual situation, node 2 is the intersection of the
three main roads a, c, and d in the experimental road
network. And ﬁeld research by data observers found that the
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Table 1: Experimental traﬃc network node import ﬂow.

Node
1
2
3
4
5
6
7
8
9
10

South
2576
1484
885

North
1417
797
951

Southeast
746

Flow (veh)
Northeast

Southwest

2544
598
1028
952
523
2329
2798

65
1856
742
954
1105
16

156

1848

Northwest
914
838

1583
2593
245
180

1054
90
486
1287
78
98
637

Table 2: Experimental traﬃc network node saturation.
Node
Saturation

1
0.58

2
0.85

3
0.69

4
0.54

5
0.59

6
0.68

7
0.74

8
0.53

9
34

10
0.46

8
1.311
2

9
0.306
9

10
0.21
10

Table 3: Inductance coeﬃcient of nodes in experimental traﬃc network.
Node
Inductance coeﬃcient
Rank

1
1.198
3

2
1.59
1

3
0.514
6

4
0.455
7

morning peak traﬃc congestion was also the ﬁrst to occur at
node 2 [6]. Also, both nodes 1 and 8, which are quite different from the other two ranking methods, are connected to
node 2 with the highest importance. At the same time, the
saturation of node 2 is the highest in the entire network, and
the increase in the traﬃc ﬂow of node 2 will inevitably have
an overﬂow eﬀect on neighboring nodes 1 and 8, making it
more vulnerable in the road network. It shows that the
importance of node 1 and node 8 is reasonable from the
perspective of road network dynamics.

4. Analysis and Verification of Robustness of
Traffic Network after Node Failure under
Deliberate Attack
4.1. Network Robustness Analysis. During the operation of
the urban transportation network, an emergency occurs on
the supply side or the demand side, which means a node of
the transportation network within the aﬀected area fails. In
this article, these connected edges will be removed; then part
of the path will be interrupted. So the traﬃc network is
considered robust when an abnormal situation occurs, and
the traﬃc network can still meet the demands of passenger
ﬂow.
Computing network robustness is generally divided into
two supply strategies: the deliberate attack and the random
attack. This article mainly analyzes deliberate attacks, which
means purposeful attacks on nodes or edges in the network.
Generally, global eﬃciency is used as an important evaluation index, in the measurement standard of network robustness when a node fails [20]. The global eﬃciency E of the
network can be expressed as in the following equation:

5
0.612
5

6
0.37
8

7
1.099
4

E�

1
e ,
N(N − 1) i ≠ j ij

(9)

where eij is the eﬃciency between node pairs. When calculating the robustness of the traﬃc network under node
failure, the passenger ﬂow per unit time between nodes can
be used to express the eﬃciency between node pairs eij , as
shown in the following equation:
eij �

fij
,
tij

(10)

where fij is the product of the number of cars between
nodes i and j and the average passenger capacity, and tij is
3600 seconds. In this case, the connectivity of the network
would decrease, and the global eﬃciency would also decrease
when a node in the network receives an attack. The evaluation index of robustness is the ratio of the global eﬃciency
of the network after the attack to the initial global eﬃciency
of the network, as shown in the following formula:
RE �

E′
.
E0

(11)

4.2. Experimental Traﬃc Network Robustness after Node
Failure under Deliberate Attack. In order to verify the effectiveness of the key node identiﬁcation of the transportation network based on the virtual input-output method
in this study, each node is selected one node at a time
according to the order of node importance, according to the
inductance coeﬃcient (importance) of the nodes in the
experimental transportation network in Table 3. After
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Table 4: The robustness analysis results of experimental traﬃc network under deliberate attack.

Node
2
8
1
7
5
3
4
6
9
10

E0

E′

RE

Rank

0.1962
0.1962
0.1962
0.1962
0.1962
0.1962
0.1962
0.1962
0.1962
0.1962

0.0988
0.1184
0.1594
0.1425
0.1697
0.1753
0.1755
0.1765
0.1706
0.1828

0.5036
0.6033
0.8123
0.7265
0.8650
0.8933
0.8944
0.8995
0.8694
0.9316

1
2
4
3
5
7
8
9
6
10

12
10
8
6
4
2
0

Node 1

Node 2

Node 3

Node 4

Node 5

Node 6

Node 7

Node 8

Node 9

Node 10

Node importance rank
Robustness rank

Figure 2: Comparison of node importance ranking and robust ranking.

deliberately attacked, the experimental traﬃc network robustness results after the attack are shown in Table 4:
According to the results of robustness analysis, it is
basically consistent that the order of node importance with
the order of global eﬃciency change of the experimental
traﬃc network after a deliberate attack. Among them, the
most important node 2 decreases the global eﬀectiveness the
most after being attacked, and the second most important
node 1 decreases the global eﬀectiveness after being attacked.
The rest are basically the same (Figure 2), except that the
importance of nodes 7, 5, and 9 is diﬀerent from the global
eﬀectiveness reduction ranking after being attacked (the
diﬀerence is small).

5. Conclusion
This paper studies a new method to identify key nodes in the
transportation network based on the improved virtual inputoutput method. Firstly, each node in the transportation
network is regarded as each department in the input-output
model, and virtual nodes are introduced to establish an

urban transportation network structure with traﬃc. Then
the Leontief inverse matrix is constructed to calculate the
inductance coeﬃcient of the traﬃc network node, which can
evaluate the importance of the node. After that, according to
the evaluated node importance ranking and the measurement index of the global eﬃciency changing, the diﬀerent
nodes of importance are judged in turn on the robustness of
the traﬃc network after failure. For this new method, we
carry out empirical research based on the traﬃc volume data
of an experimental road network during peak hours. Then,
results show that the improved virtual input-output method
applied to the importance of urban traﬃc road network node
recognition has high accuracy and has the advantages of fast
calculation and simple process. This research provides a new
solution for the rational allocation of urban traﬃc management resources and ensuring overall smooth traﬃc.
The method in this study has certain theoretical signiﬁcance and engineering practical value. However, the data
adopted in this paper are collected by related information in
Jilin. Therefore, it is necessary to collect more data in other
provinces to verify this method.
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