
����������
�������

Citation: Liu, C.; Yin, H.; Sun, Y.;

Wang, L.; Guo, X. A Grade

Identification Method of Critical

Node in Urban Road Network Based

on Multi-Attribute Evaluation

Correction. Appl. Sci. 2022, 12, 813.

https://doi.org/10.3390/

app12020813

Academic Editors: Martin Lauer,

Angel Llamazares and Javier

Alonso Ruiz

Received: 1 November 2021

Accepted: 11 January 2022

Published: 13 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

A Grade Identification Method of Critical Node in Urban Road
Network Based on Multi-Attribute Evaluation Correction
Chaofeng Liu 1,2, He Yin 1, Yixin Sun 1,*, Ling Wang 1 and Xiaodong Guo 2,3

1 School of Civil and Transportation Engineering, Hebei University of Technology, Tianjin 300401, China;
liucf8403@hebut.edu.cn (C.L.); 13672071857@163.com (H.Y.); wlark@sina.com (L.W.)

2 Key Laboratory of Earthquake Engineering and Engineering Vibration, Institute of Engineering Mechanics,
China Earthquake Administration, Harbin 150080, China; guoxd7797@163.com

3 Institute of Earthquake Resistances and Disaster Reduction, Beijing University of Technology,
Beijing 100124, China

* Correspondence: x18822032967@163.com

Abstract: Accurately identifying the key nodes of the road network and focusing on its management
and control is an important means to improve the robustness and invulnerability of the road network.
In this paper, a classification and identification method of key nodes in urban road networks based
on multi-attribute evaluation and modification was proposed. Firstly, the emergency function
guarantee grade of road network nodes was divided by comprehensively considering the importance
of road network nodes, the consequences of failure, and the degree of difficulty of recovery. The
evaluation indexes were selected according to the local attributes, global attributes, and functional
attributes of the road network topology. The spatial distribution patterns of the evaluation indexes
of the nodes were analyzed. The dynamic classification method was used to cluster the attributes
of the road network nodes, and the TOPSIS method was used to comprehensively evaluate the
importance ranking of the road network nodes. Attribute clustering of road network nodes by
dynamic classification method (DT) and the TOPSIS method was used to comprehensively evaluate
the ranking of the importance of road network nodes. Then, combined with the modification of the
comprehensive evaluation and ranking of the importance of the road network nodes, the emergency
function support classification results of the road network nodes were obtained. Finally, the method
was applied to the road network within the second Ring Road of Beijing. It was compared with the
clustering method of self-organizing competitive neural networks. The results show that this method
can identify the key nodes of the road network more accurately. The first-grade key nodes are all
located at the more important intersections on expressways and trunk roads. The spatial distribution
pattern shows a “center-edge” pattern, and the important traffic corridors of the road network show
a “five vertical and five horizontal” pattern.

Keywords: urban road network; road transport; critical node; emergency guarantee; multi-attribute
evaluation; TOPSIS; dynamic classification; node importance

1. Introduction

An urban road network is a complex network composed of a large number of nodes
(intersections) and road segments. It not only ensures the daily life of residents and visitors
and industrial production but also supports key issues such as post-event rescue and
evacuation, material allocation, and so on. However, the components of the road network
are closely related, and the overall distribution range is wide. It is easily affected by
unexpected events such as natural events, man-made events, traffic accidents, etc., which
lead to the degradation of some key node functions, the decline of local road capacity
or congestion, and even the paralysis of the road network due to the effect of cascade
failure [1,2]. Previous studies show that as long as 5% or 10% of the important nodes fail
at the same time, the whole network will be paralyzed [3]. Therefore, the research on the
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identification and classification of the key nodes in the urban road network is of great
significance to the management and control of the key nodes of the road network, the
layout of emergency resources, improving the invulnerability and reliability of the road
network, and ensuring the safe and effective operation of the road network after the events.

At present, scholars at home and abroad have done a lot of research on the identifica-
tion of key nodes of road networks from different angles, and their methods are basically
derived from graph theory and data mining based on graph theory. The difference of nodes
is reflected by mining the important attribute information of nodes [4,5]. For example,
node connectivity [6,7], betweenness [8,9], aggregation coefficient [10], eigenvector [11,12],
and so on are all measures of network topology attributes [13]. But the traffic dynamics
characteristics of the nodes in the road network are not reflected with these indicators.
Therefore, some scholars have proposed to use node peak-hour traffic flow (the traffic
volume in the hour of the day when the traffic volume is at its peak) [14], traffic load
degree (the ratio of the actual traffic density of the road to the density under the maximum
capacity) [15], flow ratio (the ratio of traffic flow to planning and design traffic flow at a
certain time), and saturation (ratio of maximum traffic volume to maximum capacity) [1,2]
to characterize the traffic operation characteristics of the road network. Because it is dif-
ficult for a single index to accurately reflect the importance of road network nodes as a
whole [16,17], a multi-index comprehensive identification method has gradually emerged
to reflect the importance of road network nodes from different angles [14–18], but too
many indicators will also increase the complexity of calculation. Some methods need to
determine the classification parameters in advance, and seldom consider the correlation
between indicators, which affects the rationality and credibility of the results. For example,
the FCM clustering method [14], self-organizing competition neural network clustering
method [15], and adaptive clustering method [19] are all divided by a certain clustering
function according to the characteristics of the data field. These methods are suitable for
large-grained network cluster structures. The network of core and periphery structures can
only be roughly divided, and there may be one-sidedness according to a certain clustering
function [19]. In addition, some multi-index comprehensive evaluation methods, such
as grey relationship method (GRA) [20], principal component analysis (PCA) [21], cosine
similarity method (CSM) [22], TOPSIS method [17,18], and so on, take into account the
correlation information between indicators, and only the order of node importance can be
given. However, they require an artificial hierarchy of importance. The classification and
grading results are highly subjective. The problems such as spatial heterogeneity of road
networks are not taken into account. A detailed description of these methods is shown
in Table 1.

Table 1. Description of some comprehensive evaluation methods.

Methods Advantages Disadvantages Applicability

FCM clustering method [14],
Self-organizing competition
neural network clustering

method [15], Adaptive
clustering method [19]

The clustering results and
related parameters are
obtained automatically

according to the
characteristics of index data.

It is necessary to determine
the classification parameters

in advance, and the
correlation between indicators

is seldom considered.

It is suitable for large-grained
network cluster structure, the

network of core and
peripheral structure can only

be roughly divided.

GRA [20], PCA [21],
CSM [22], TOPSIS [17,18]

The correlation of the index
and the influence of the index

weight are considered, and
the ranking of each evaluation

object can be obtained.

The importance ranking of
nodes can only be given, and
the importance level needs to

be artificially divided. The
spatial heterogeneity of road
network are not considered.

It is suitable for
comprehensive evaluation of

the importance of road
network nodes based on

multiple indicators and can
give the ranking and

horizontal comparison of
network nodes.
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Furthermore, reliable traffic measurements and traffic monitoring to prevent network
congestion and to prevent the depletion of the capacity of nodes in the transport network
are very important. Some scholars have proposed traffic flow monitoring or prediction
methods for road network nodes under emergencies [23–26]. In addition, many scholars
have carried out research on traffic emergency disposal measures and methods under urban
road network emergencies [27–30]. Therefore, given the above problems, this paper compre-
hensively considered the structural characteristics and traffic functional characteristics of
the urban road network and constructed the attribute index of complex road network node
recognition from three aspects: local attribute, global attribute, and functional attribute.
The classification and identification model of key nodes in the operation period of the
urban road network was constructed by combining TOPSIS (approximate ideal solution
sorting method) and DT (dynamic classification method). A grade identification method of
the critical node in an urban road network is proposed based on multi-attribute evaluation
correction. That is, using the multi-attribute assessment method to modify dynamic cluster-
ing results. And then the final node grade is obtained based on the corrected classification
results. Finally, a road network example was analyzed and verified.

2. Materials and Methods
2.1. Attribute Analysis and Quantitative Index of Road Network Node

The urban road network is composed of intersections and road segments. If the
intersection is abstracted as a node and the road is abstracted as the edge of the connecting
node, the road network can be abstracted as a complex network. Previous research shows
that the urban road traffic network is a scale-free network, and it has the characteristics of
a small world [31]. Therefore, the urban complex road network model based on complex
network theory can express the connection between roads more accurately, which is helpful
to analyze the structure and functional characteristics of road networks [32].

2.1.1. Characteristic Index of Complex Road Networks

To comprehensively reveal the characteristics of the complex network structure of
urban roads, the evaluation indexes of nodes are selected from the local attributes and global
attributes of the network, and the importance of nodes in the network is comprehensively
evaluated. The local attribute of the node focuses on the evaluation of the local connection
attribute of the node, and mainly analyzes the direct connection state between the nodes,
so the degree of the node is selected as the evaluation index; The global attribute of the
node focuses on the global topology evaluation, which reflects the importance of the node
in the whole network, so the betweenness of the node is selected as the evaluation index.

• Local attribute—degree index

The node degree is the number of edges connected to the node in the road network
topology. It indicates the ability of a node to establish direct contact with neighboring nodes
in the network or the complexity of the connection in the network [32]. The node degree is
only a local feature of the network, so the index is one-sided. Although some important
“core nodes” do not have a large degree of connectivity, they play an important connecting
role in the whole road network. Therefore, from the local properties of the network, the
higher the degree index, the more important the node. But from a global point of view, the
importance of nodes with the same degree index is not necessarily the same [17]. It can be
seen that there are limitations in evaluating the importance of road network nodes with a
single index.

To reflect the physical information of the connected edges of the road network, the
connected edges are weighted according to the road grade. Then the weight of the node
is defined as the sum of the edge weights connected to the node [15]. According to
the standard of road grade of the urban road network, it is divided into four grades:
expressway, trunk road, secondary trunk road, and branch road, with weights of 10, 8, 5,
and 3, respectively.
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• Global attribute-Intermediate Index

The betweenness of nodes refers to the ratio of the number of shortest paths of a node
to the number of all shortest paths, reflecting the importance of nodes in the path selection
of the whole network [32]. The betweenness value of any node is defined as

CB(v) = ∑
s 6=t 6=v

δst(v) (1)

δst(v) =
∂st(v)

∂st
(2)

wherein, ∂st is the number of shortest paths from node s to t. ∂st(v) is the number of shortest
paths through node v between pairs of nodes s and t.

2.1.2. Functional Index of Complex Road Networks

The urban road network is a dynamic distribution network with a traffic load, and
the key nodes often have obvious flow and path aggregation [14,15]. Considering the
traffic flow characteristics, the traffic load of the node can be selected as the evaluation
index. Kerner and Rehborn proposed to use three-phase traffic flow theory to analyze the
characteristics of traffic flow in the road network, and the real-time traffic flow is divided
into three types of phases: free flow, steady flow, and blocking flow [33]. On the other hand,
the traffic flow is divided into four operating states in Baidu maps [34]: serious congestion,
congestion, slow running, and smooth flow, which are represented by four colors, namely:
crimson, light red, yellow, and green, with weights of 2, 1, 0.8, and 0.6, respectively, to
represent the traffic load on the road [32].

The traffic flow of a node is determined by the flow of the road connected to it, and
the traffic load of the intersection can be characterized by the sum of the traffic load of the
road connected to the intersection. There are m nodes connected to node I, (i + a) is the
(i + a)th node connected to node i, a = 1, 2, . . . , m; f a(i, i + a) is the load value of the road
between node i and i + a, then the traffic load of any node i is defined as

wi =
m

∑
a=1

f a(i, i + a) (3)

2.2. Grade Division of Emergency Function of Road Network Nodes

Due to the heterogeneity of urban road network structure, the importance of each node
in the road network is different [35]. The interaction between urban land use and traffic
is complex, which will also lead to different importance of traffic network nodes [36,37].
Therefore, the status and grade of nodes in the whole road network system are also
different. Moreover, after the function failure of different nodes, the scope and scale of
influence on the overall situation and the degree of difficulty of self-recovery are different.
Therefore, the nodes in the urban road network should be graded and differentiated for
emergency management. In this paper, according to the network characteristics, functional
characteristics, functional failure consequences, and other factors, the emergency function
guarantee grade of nodes in the road network is divided into three grades, that is, Grade
I, Grade II, and Grade III. The basic requirements for emergency functions are shown
in Table 2.

The comprehensive importance degree of the node is obtained by integrating the
multi-attribute indexes of the road network node. Coupled with the DT method, the nodes
are dynamically classified. The internal relationship between the road network node and
the emergency function guarantee grade is established, and then the emergency guarantee
strategies based on different grades of nodes are made.
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Table 2. Emergency function guarantees grade requirements of road network nodes.

Grade Basic Requirements

I
It is not interrupted during the event or must be enabled immediately after the event. The recovery time

ranges from a few minutes to a few hours. Ensure the safety of the main structure and auxiliary facilities of
emergency through design before the event.

II

After the event, a certain preparation time for emergency inspection is allowed, which is limited to a few hours
to 1 day, but usually does not include the emergency repair of the main structure. Before the event, it is

designed to ensure the safety of the main structure and ancillary facilities that affect the important
emergency functions.

III
Damage may occur during an event, but it can be replaced in other ways or can be put into use through

emergency repair and emergency settings after the event. The main structure ensures the selection and setting
of safety or post-event emergency redundancy schemes through pre-event design.

2.3. Classification and Identification Model of Key Nodes in Road Network
2.3.1. Ranking of Node Comprehensive Importance

A comprehensive evaluation is the use of various evaluation indicators, the use of
weight integration method to obtain the comprehensive evaluation value of the evaluation
object, and then get the ranking of the evaluation object. The identification of key nodes
belongs to the problem of multi-attribute decision-making, which regards each node in
the road network as an independent individual and uses multiple evaluation indicators
to couple to calculate the node importance, and sorts the nodes according to the node
importance value. Therefore, the importance of road network nodes is evaluated by the
TOPSIS method [17,18], and the key nodes of the road network are identified.

(1) Construct decision matrix. Suppose there are n nodes in the road network, and
each node corresponds to k evaluation indexes. Then the node-set V = {v1, . . . , vn},
indicator set X = {x1, . . . , xk}, if the jth index value of node i is marked as vi (xj), then
the decision matrix is

I =

 v1(x1) · · · v1(xk)
...

. . .
...

vn(x1) · · · vn(xk)

 (4)

Standardize the decision matrix, which is recorded as R = (rij)n×k. Herein, rij =
vi(xj)/vi(xj)max (For benefit index) or rij = vi(xj)min/vi(xj) (For cost index), vi(xj)max =
max{vi(xj)|1 ≤ i ≤ n}, vi(xj)min = min{vi(xj)|1 ≤ I ≤ n}. Based on the standardized
decision matrix R, the weight of the jth index of the node in the road network can be
obtained by using the objective weighting method of information entropy [38], and
expressed as wj(j = 1, . . . , k; ∑wj = 1). The weighted decision matrix can be obtained
based on the weight vector W and decision matrix R.

Y =
[
yij
]

n×k =
[
wj · rij

]
n×k =

 w1 · r11 · · · wk · r1k
...

. . .
...

w1 · rn1 · · · wk · rnk

 (5)

(2) Determine the ideal solution. The positive ideal decision solution I+ and the negative
ideal decision solution I− can be calculated according to Equation (6).

I+ = { max
i∈{1,...,n}

(yi1, . . . , yik)} = {ymax
1 , . . . , ymax

k }

I− = { min
i∈{1,...,n}

(yi1, . . . , yik)} = {ymin
1 , . . . , ymin

k } (6)
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(3) Calculate the closeness degree. The closeness degree of each node Zi to the ideal
solutions is calculated according to Equations (7)–(9). The node importance is sorted
according to the size of the Zi.

Zi =
√

B−i /
(√

B−i +
√

B+
i

)
, 0 ≤ Zi ≤ 1. (7)

B+
i =

k

∑
j=1

(yij − ymax
j )2 (8)

B−i =
k

∑
j=1

(yij − ymin
j )

2
(9)

wherein, B+
i , B−i is the distance from the solution Ii to the positive ideal solution I+

and the negative ideal solution I−.

2.3.2. Dynamic Clustering and Grading of Nodes

There are many nodes in the urban road network, and there are differences in the
structure and function of different nodes, but the attributes of many nodes also have
strong similarities [14]. Therefore, the similarity of node attributes is used to classify road
network nodes. Based on the weighted decision matrix Y (see Equation (5)), the dynamic
classification method (DT) [39] is used to analyze the clustering of road network nodes.
The dynamic classification and identification of road network nodes are realized. The steps
are as follows:

(1) Determine the initial classification. If it is divided into class K, the initial classification
of node i is as follows:

Nc(i) = TRUNC
{
(K− 1)[Amax − s(i)]

Amax − Amin
+ 0.5

}
+ 1 (10)

wherein, TRUNC is the integral function, that is, taking integers for the values com-

puted in the parentheses. s(i) =
k
∑

j=1
yij, Amax = max

1≤i≤n
s(i), Amin = min

1≤i≤n
s(i).

(2) Calculate the center of gravity for each class. The node has k attributes, and then there
are k center of gravity values in each category. In class m, the center of gravity of the j
attribute of the sample is

Cm,j =

n
∑

i=1
δ yij

n
∑

i=1
δ

(11)

δ =

{
1, i ∈ {1, 2, · · · , n} : Nc(i) = m
0, i ∈ {1, 2, · · · , n} : Nc(i) 6= m

(12)

(3) Calculate the distance from the center of gravity. Calculate the distance of each node
to all kinds of the center of gravity, and update the node classification according to
the nearest distance principle, and put the node into the closest class.

di,m =

√√√√ k

∑
j=1

(
yij − Cm,j

)2 (13)

di,p = min(di,1, di,2, · · · , di,m) (14)

Nc′(i) = p, p ∈ {1, 2, · · · , m} (15)
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wherein, di,m is the distance from the node i to the center of gravity of the node-set of
type m. Nc′ (i) is the new class to which the node i belongs.

(4) Output iterative classification results. Iterative step (1)~(3) get the new center of
gravity, and compare the difference between the center of gravity. If the accuracy
requirement is met, the classification result will be output.

2.3.3. TOPSIS-DT Process

The key nodes of the urban road network are identified and classified by coupling the
TOPSIS method and DT method, and the calculation flow is shown in Figure 1. The last
step of the method in the flow diagram of the TOPSIS-DT method is the final classification
results of nodes by coupling sorting and clustering results. The final results are obtained
through the evaluation value and clustering result, and modifying the clustering results
according to evaluation value.

Figure 1. Flow diagram of TOPSIS-DT method.

3. Case Application and Analysis

The regional road network in the second Ring Road of Beijing was taken as an example,
shown in Figure 2. Road network and nodes outside the second Ring Road were not
considered. This model was used to evaluate the importance of 113 nodes in the road
network. The classification and sorting of all the nodes were obtained based on the
importance of nodes for the hierarchical control of the key nodes in the road network.
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Figure 3 is the topology diagram of the road network in the study area. The node is the
intersection and the edge is the road segment. The roads in the area include expressways,
trunk roads, secondary trunk roads, and branch roads.

Figure 2. Location of the study area in Beijing (enclosed area of dashed line).

Figure 3. The road network topology map of Beijing Second Ring.

According to the abstract diagram of the road network shown in Figure 3, the topo-
logical adjacency matrix of the road network was established based on graph theory. The
weighted connection degree of the node could be calculated with the method of road grade
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weighting. The scatter diagram after standardization was shown in Figure 4. To identify
the spatial characteristics of the weighting connection degree of road network nodes more
intuitively, the weighted connection degree of road network nodes was divided into three
grades according to the natural breakpoint classification, and its spatial distribution was
shown in Figure 5. The results show that the spatial distribution of the weighted connection
degree values of nodes presents certain differentiation. The nodes with high connection
degree (the standard value of weighted connection degree is greater than 0.63) are basically
evenly distributed on the expressways, accounting for 22% of all the nodes in the whole
road network, indicating that the connection grade of the peripheral expressways is rela-
tively high. The nodes with moderate connection degree (the standard value of weighted
connection degree is greater than OR equal to 0.45, but less than 0.63) are distributed on
the trunk roads on the east and west sides of the whole road network. Most of them are
intersections between the trunk roads, and it accounts for about 27% of all the nodes. The
nodes with low connection degree are (the standard value of weighted connection degree
is less than 0.63) are mostly distributed on the secondary trunk roads, accounting for about
51% of all the nodes in the whole road network. It can be seen that the distribution of nodes
with weighted connection degree in the whole road network generally shows the structure
of “peripheral high connectivity degree-central low connectivity degree”. If the key nodes
are identified according to the high weighted connection degree of the nodes, most of the
key nodes are on the expressways in the road network.

Figure 4. Normalized values of node degrees.
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Figure 5. Spatial distribution of node degree.

With regard to the calculation for the betweenness of nodes, it is assumed that the
shortest path between two nodes in the road network is all in the expressway ring. The
betweenness of 113 nodes in the road network were obtained, and the scatter plot was
obtained by standardization, shown in Figure 6. All the nodes were divided into three
grades according to the natural breakpoint classification, and its spatial distribution was
shown in Figure 7. The results show that the betweenness of nodes shows a “triangular”
distribution, and most of the nodes with high betweenness values are distributed between
the 50th and the 70th nodes, showing a certain degree of agglomeration. The nodes with a
high betweenness value (the standard value of the betweenness is greater than OR equals
0.49) were distributed on the trunk roads in the central area of the road network. The spatial
distribution pattern was an “L-type” pattern, and they accounted for 10% of all the nodes.
The nodes with medium betweenness value (the standard value of the betweenness is
greater than and equals 0.19, but less than 0.49) were distributed around the “L-type” shape
of high-betweenness nodes, accounting for 35% of all the nodes. This means that the spatial
distribution of road network nodes with high betweenness value presents “L-type” shape
characteristics. The nodes with low betweenness (the standard value of the betweenness is
less than 0.19) were mostly distributed on the road network periphery, accounting for 56%
of all the nodes. It can be seen that the betweenness of nodes shows a certain structural
characteristic of the "hierarchical circle layer” in the spatial distribution. If the key nodes
are identified according to the node intermediate number, most of the key nodes are located
on the trunk road in the central area of the road network.
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Figure 6. Normalized values of node betweenness.

Figure 7. Spatial distribution of node betweenness.

For the traffic flow characteristics, the four-grade running state divided on the Baidu
map was used to assign weights to represent the traffic load of road segments. The traffic
load value of the node was calculated according to Equation (3). The traffic flow during the
rush hour in the five days during weekdays was considered. Because this period of time is
the most congested, this can best reflect the actual situation of the traffic load of the road
network. To accurately reflect the characteristics of the traffic flow, the traffic operation
state of the Baidu map during the traffic peak period from 7: 00 to 9: 00 in 5 days was
collected in this paper, and the average traffic load of the nodes in the road network was
calculated. The scatter plot of the calculated data after standardized processing was shown
in Figure 8. All the nodes were divided into three grades according to the classification
of natural breakpoints, and the spatial distribution of the average traffic load was shown
in Figure 9. The nodes with high traffic load (the standard value of average traffic load
is greater than OR equals 0.56) were mainly distributed in expressways and individual
trunk roads, accounting for 12% of all the nodes. The nodes with low traffic load (the
standard value of average traffic load is less than 0.33) were generally distributed on the
northwest-southeast link of the road network, accounting for 31% of all the nodes. The
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nodes with middle traffic load (the standard value of average traffic load is greater than
OR equals 0.33, but less than 0.56) were distributed in the northeast and southwest region,
accounting for 58% of all the nodes. It can be seen that during the morning rush hour, most
of the nodes carrying large traffic volume in the whole road network were the intersections
between expressways on the outer edge of the road network and the trunk roads in a
certain range on both sides of the northwest-southeast line.

Figure 8. Normalized values of traffic loads of nodes.

Figure 9. Spatial distribution of traffic loads of nodes.

The above analysis shows that the results identified according to the three indexes
respectively are inconsistent, and they can even turn out to be completely different. It can
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be seen that it is unreasonable and limited to use a single index to identify the key nodes of
the road network. In addition, SPSS software was used to analyze the correlation about
the three indexes, namely weighting connection degree (x1), betweenness (x2) and average
traffic load (x3), and the correlation coefficient R and significant parameter P were obtained
as follows respectively: R12 = 0.066, P = 0.490; R13 = 0.725, P = 0.000; R23 = 0.1490, P = 0.115.
It can be seen that there was a high correlation between weighted connection degree and
the average traffic load of nodes. The reason is that the traffic load of the node is composed
of the traffic load of the road connected to the node, and the weighted connection degree is
the number of road segments connected to the node, so the two have a high correlation. The
correlation between other indicators was low, which indicates that these indicators reflect
the attribute information of road network nodes from different aspects, and the importance
of a single evaluation index to evaluate the importance of nodes has limitations. Hence,
we should comprehensively consider the characteristic indicators of nodes for systematic
analysis of the importance of nodes. Therefore, the dynamic classification method was
used to grade the nodes according to the three attribute indexes of nodes, as shown in
Figure 10. The spatial distribution of the node categories of the whole road network was
shown in Figure 11.

Figure 10. Clustering results of nodes.
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Figure 11. Spatial distribution of node classification.

Figure 11 shows that the Grade I nodes (red nodes) were mostly distributed in the core
layer of the road network. The Grade II nodes (brown nodes) were generally distributed
in the outer circle layer of the road network. The Grade III nodes (green nodes) were
evenly distributed in the road network space. However, the node classification result
identified by the dynamic classification method is only a dynamic clustering based on
the similarity between node attributes, without taking into account the impact of the
comprehensive importance of nodes, the classification and recognition results may be
biased. Therefore, based on the objective weighting method of information entropy, the
weight vector of evaluation indexes was calculated as w = (0.30033, 0.34876, 0.35091), and
the comprehensive importance of each node was calculated by the TOPSIS method, as
shown in Figure 12.

Figure 12. Overall importance values of nodes.

The three-grade classification of road network nodes was obtained according to the
dynamic classification method (DT). Then the comprehensive evaluation value of the
road network node is obtained by using the multi-attribute comprehensive evaluation
method, and the exact threshold values of a comprehensive evaluation for assigning levels
to nodes are obtained according to the clustering center of the dynamic classification
result. Comprehensive consideration of the importance ranking and dynamic hierarchical
clustering of nodes, it was determined that the nodes with comprehensive evaluation value
Zi ≥ 0.45 were the first-grade nodes, the nodes with 0.45 > Zi ≥ 0.30 were the secondary-
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grade nodes, the nodes with Zi < 0.30 were the third-grade nodes. Finally, there were 20
first-grade nodes, accounting for 17.70%; 52 secondary-grade nodes, accounting for 46.02%;
41 third-grade nodes, accounting for 36.28%, as shown in Figure 13. The spatial distribution
characteristics of each category of nodes were clearly listed in Figure 14. The first-grade
nodes (red marking) were regarded as the key node of the road network, the second-
grade nodes were yellow marking nodes, and the third-grade nodes were white marking
nodes. The first-grade nodes identified were the intersections between expressways and
trunk roads, trunk road, and trunk road. The importance of Node 5 was the least and the
comprehensive evaluation value was 0.4577.

Figure 13. Final classification results.

The self-organizing competitive neural network method in literature [15] is a deep
learning method, which builds a network prediction model according to the internal cor-
relation of the evaluation index data, and classifies nodes by the trained network model.
The method in this paper is compared with the existing methods, which has verified the
feasibility and effectiveness of the method in this paper. According to the internal relation-
ship between the index data of road network nodes, the dynamic classification method
forms the clustering group of road network nodes, that is, the hierarchical classification of
road network nodes. The multi-attribute comprehensive evaluation method integrates the
comprehensive evaluation value of road network nodes according to the characteristics
of the road network node index. Then the comprehensive evaluation and ranking of road
network nodes are used to modify the classification results of road network nodes. This
method comprehensively considers the inherent relevance of each index data, as well as
the ranking of the integrated results of the evaluation indicators, which shows that the
method takes into account the macro and micro characteristics of road network nodes. The
first-grade nodes identified by self-organizing competitive neural network method [15]
were as follows: 2, 3, 5, 8, 9, 55, 75, 76, 84, 96, 102, 107, and 110. The nodes 2, 8, 75, and 110
did not belong to the first-grade node sequence determined by the method proposed in this
paper. The comprehensive evaluation values of the four nodes are 0.4276, 0.4131, 0.4421,
and 0.4365, respectively, which were all less than the comprehensive evaluation value of
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Node 5 (see Figure 15), and the dynamic clustering results of the four nodes all belonged
to the secondary-grade nodes (see Figures 10 and 11). It can be seen that the recognition
result by the method in this paper is more accurate and reasonable.

Figure 14. Distribution map of key nodes of the urban road network.
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Figure 15. Ranking of the first-grade nodes.

According to the spatial distribution pattern of first-grade and secondary-grade
nodes, the “five vertical and five horizontal” pattern of the important traffic corridor
of the regional road network was formed, that is, five vertical corridors (green mark-
ing): (1) 9#→62#→75#→102#; (2) 2#→105#; (3) 5#→81#→80#→107#; (4) 6#→82#→109#;
(5) 8#→74#→112#. Five horizontal corridors (pink marking): (1) 9#→1#→8#; (2) 18#→28#;
(3) 53#→61#; (4) 76#→84#; (5) 102#→112#.

From the perspective of road network system engineering, preventive measures such
as monitoring and early warning, project resilience improvement, and emergency function
guarantee should be implemented the event prevention resilience of the first-grade key
nodes of the road network before an emergency occurs. The improvement of the engi-
neering toughness of road network nodes can enhance the anti-event robustness of road
network nodes and reduce their failure probability, to enhance the security of urban road
network systems. To adapt and absorb the damage situation of the road network caused
by emergencies and reduce the impact of failure nodes on the overall performance of the
road network, the failure degree and the number of failure nodes should be reduced as
much as possible. After the occurrence of an emergency, the rapid and efficient interven-
tion of the monitoring and early warning of the transportation department, emergency
traffic organization, and emergency safeguard measures can reduce the recovery time of
the failure nodes of the road network. Emergency traffic organizations can guide on-site
vehicles to flow into the secondary or tertiary road network nodes and their connected
roads, to avoid the cascade failure effect of the road network nodes caused by the failure of
important nodes, which paralyzes the local overall performance of the road network.

From the microscopic point of view of nodes, for the bridge nodes in the first-grade
nodes, the vulnerability of various types of bridges under all kinds of emergencies is
analyzed, the damage forms of different bridges are summarized and sorted out, and the
corresponding emergency disposal plan and process is formulated. For the road intersec-
tions in the first-grade nodes, the microscopic simulation analysis of the key intersections
should be carried out, and the emergency treatment plan of road damage or road congestion
should be made.

4. Conclusions

(1) Urban complex road network model was constructed based on the complex network
theory. The node quantitative indexes were selected from the local attribute, global
attribute, and functional attribute of the urban complex road network. A grade
identification method of a critical node in the road network based on multi-attribute
evaluation correction was established, which provides the basis for the emergency
guarantee and recovery of the key nodes after the event. However, the value of weight
in the comprehensive evaluation method will affect the evaluation result. In future
research, subjective and objective determination of optimal weight will be considered
to make the model more accurate.
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(2) The road network within the second Ring Road of Beijing was taken as an example.
The analysis showed that the distribution of weighting connection degree of nodes
on the whole road network generally presented the structure of “peripheral high
connectivity-central low connectivity”. If we identify the key nodes according to the
highly weighted connection value of the nodes, most of the key nodes are on the
expressways in the road network peripherally. The betweenness of nodes presented a
certain structural characteristic of the "hierarchical circle layer” in spatial distribution.
If it was identified according to the betweenness of nodes, most of the key nodes were
located on the trunk road in the central area of the road network. Most of the nodes
carrying large traffic volumes in the whole road network were the expressways on the
outer edge of the road network and the intersections of the trunk roads in a certain
range on both sides of the northwest-southeast line.

(3) The first-grade nodes identified by the method in this paper were all the intersections
among expressways and trunk roads. Compared with the self-organizing competitive
neural network clustering method, the proposed method is more scientific and reason-
able, and more accurate and effective in node identification. According to the spatial
distribution pattern of first-grade and secondary-grade nodes, the “five vertical and
five horizontal” pattern of the important traffic corridor of the regional road network
was formed. Preventive measures such as monitoring and early warning (Traffic Con-
trol Centers), project resilience improvement (Road Management and Maintenance
Department) and emergency function guarantee (Transportation Authority) should
be implemented the event prevention resilience of the first-grade key nodes of the
road network before an emergency occurs. Emergency traffic organizations can guide
on-site vehicles to flow into the secondary or tertiary road network nodes and their
connected roads, to avoid the cascade failure effect of the road network nodes caused
by the failure of important nodes.
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