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ABSTRACT Traffic congestion usually occurs in certain areas or sections, which could be regarded as the
reflection of road network disequilibrium caused by the traffic flow distribution, network structure, etc. It is
found that unbalance analysis of the road network and the unbalanced points study could provide great sup-
port for the road network structure optimization, traffic capacity adjustment, and the efficiency improvement
of road network resources. Furthermore, it is helpful to reduce the traffic congestion significantly. In order
to design a method to analyze the disequilibrium of road networks to find out the unbalanced or bottleneck
points, the road network structure, traffic flow distribution and the location of sections are considered in
the analysis of road network disequilibrium, and the disequilibrium is measured using Gini coefficient and
Theil index from road network attributes of influence and capability in this paper. First, section influence
degree and section flow betweenness are employed to separately represent the differences in the influence
relationship and capability distribution of a section from others in the network. Second, these two indicators
are taken respectively as the input, and the road network equilibrium is analyzed multi-dimensionally using
Gini coefficient and Theil index. The level of the disequilibrium is analyzed from the view of the overall
network. Meanwhile, the contributions of a certain section to the disequilibrium of the whole network is
also analyzed from the perspective of the section. Finally, a case study based on Beijing’s regional road
network is conducted, and the result shows the similar performance compared with the actual road network
traffic situation, which verifies the feasibility and validity of the method in multi-dimension analysis of road
network disequilibrium.

INDEX TERMS Road traffic flow, traffic network equilibrium analysis, section influence degree, section
flow betweenness, Gini coefficient.

I. INTRODUCTION
Because of the gradual increase in the number of vehicles and
the rapid expansion of cities, traffic congestion has become
more and more serious in cities such as Beijing, Shanghai,
and other large cities. It is generally recognized that traffic
congestion usually occurs in certain areas or sections; Then,
these certain places will affect the state of the surrounding
sections, which, in turn, leads to a large-scale congestion. To a
certain extent, traffic congestion can be considered as a reflec-
tion of the traffic flow disequilibrium in the road network.

The associate editor coordinating the review of this manuscript and
approving it for publication was Roberto Sacile.

Through analyzing the disequilibrium characteristics of the
road network to grasp the distribution characteristics and
changing rules of traffic flow, we can accurately find out the
unbalanced or bottleneck points in the road network. This
will provide great supports for more accurate corresponding
operational management decisions, for example, optimizing
road network structure, adjusting traffic capacity allocation,
and so on. Therefore, this has great significance for improving
the efficiency of road network resources and reducing traffic
congestion.

More recently, many researchers have measured and ana-
lyzed the road network equilibrium. A part of the researches
has focused on the interaction between the equilibrium of

24428 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0002-4753-4283
https://orcid.org/0000-0002-7430-4571
https://orcid.org/0000-0002-8408-9529
https://orcid.org/0000-0002-5978-954X


F. Su et al.: Disequilibrium Measurement and Analysis of a Road Traffic Network

road network distribution and economic development differ-
ences, income changes, urbanization development, and other
factors [1]–[3]. For example, Wang et al. [4] analyzed the
equilibrium of highway network development using the Gini
coefficient. In the field of highway network disequilibrium
analysis, the Gini coefficient mainly concentrates on the
disequilibrium of structure layout for the highway network.
He et al. [5] analyzed the imbalance of a road network struc-
tural layout based on two indicators: network area density and
road transport density. From the point of view of static topol-
ogy, Barthrlemy [6], Deng et al. [7], and Shen [8] separately
used complex network theory to measure the disequilibrium
of a road network structure by node degree, betweenness,
and tightness. In the field of traffic flow analysis, there are
also some studies on road network equilibrium. Through the
analysis of travel time and occupancy rate, Li et al. [9],
Sun et al. [10], and Zou [11] computed the disequilibrium of
the traffic space-time distribution on an expressway from the
micro-level. Deng [12] analyzed the unbalanced distribution
of traffic volume in a single expressway section or route.
Using the knowledge of traffic engineering and information
science, Huang [13] described the distribution law of network
traffic flow through mathematical and physical models.

In summary, many researchers have analyzed road network
equilibria, and many fine methodologies have been proposed.
However, most of the studies have focused on road network
equilibrium analyses just from the perspective of a static
road network structure or just from traffic flow distribution.
Studies are relatively lacking that quantifying the traffic dis-
tribution disequilibrium in the road network and analyzing its
dynamic changes from a global point of view, comprehen-
sively considering the influence of road network topology,
traffic distribution, and the differences of nodes/sections on
the road network equilibrium. This leads to somewhat inac-
curate outcomes. Moreover, there are still some shortcomings
in selecting the evaluation index of equilibrium measure-
ments, analyzing the change of road network disequilibria
from different dimensions, and finding the causes of these
disequilibria.

For this, and with the goal of quantifying the traffic
flow disequilibrium of a road network and finding out the
unbalanced or bottleneck points, a model for measuring and
analyzing the road traffic network disequilibrium is proposed.
Considering the influence of road network topology, traffic
distribution, and the differences of nodes/sections on the
road network equilibrium, the road network disequilibrium is
measured from two aspects: network influence and capability
separately. Firstly, section influence degree and section flow
betweenness are employed to represent the differences in
the influence relationship and capability distribution between
sections. Section influence degree is to describe the influ-
ence relationship between one section and its surrounding
sections; Section flow betweenness is to represent the dif-
ferences in capacity distribution between sections which
is resulted from the location and traffic flow distribution.
Then, taking these two indicators as the input respectively,

FIGURE 1. The framework and process of the disequilibrium analysis
model.

the road traffic network disequilibrium is analyzed multi-
dimensionally based on the Gini coefficient and Theil index.
It not only measures the level of the road traffic network
disequilibrium from the view of the overall network, but also
analyzes the contributes of a certain section to the disequilib-
rium of thewhole network from the perspective of the section.
Finally, the proposed model is validated in a part of Beijing’s
road network. The results show that the performance of the
proposed model is similar with actual road network traf-
fic distribution, which verified the feasibility and validity
of the method in multi-dimension analysis of road network
disequilibrium. The framework of the model is represented
in Figure 1.

The article is structured as follows: the importance of road
traffic network disequilibrium measurement and analysis is
stressed in Section 1. In section 2, mathematical descriptions
of the section influence degree and section flow betweenness
are given to represent the influence relationship and capabil-
ity distribution of the sections in the network, respectively.
Taking the two indicators as inputs, Section 3 gives the
modeling process of the road traffic network disequilibrium
analysis model based on the Gini coefficient and Theil index.
In Section 4, the model has been applied in a subset of
Beijing’s expressway network in practice, and it is analyzed
in detail. Finally, the conclusions and discussions on future
directions are made in Section 5.

II. INPUT INDICATORS OF THE DISEQUILIBRIUM
ANALYSIS MODEL
For the road network, sections are interrelated, and the
connectivity of sections means that the traffic flow attached
to section affects each other in the spatial dimension.
Meanwhile, traffic flow is a stochastic process that changes
continuously with time. Its continuity and periodicity, influ-
enced by social activities, show that traffic flow is also
affected in the time dimension. In addition, the roles of
each section in the road network are different because of
the differences in location and traffic flow distribution in
the road network. Therefore, considering the influence of
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road network structure and traffic flow distribution, the road
network disequilibrium is measured from two aspects in this
paper. One is from the aspect of network influence by using
section influence degree; the other is taking section flow
betweenness as an input to measure network disequilibrium
from the aspect of capability distribution. This work will
discuss the two indicators above in turn.

A. SECTION INFLUENCE DEGREE
For a road network, there are obvious influence relations
between sections in time and space. In this work, the section
influence degree is calculated by space-time correlation to
describe the influence between one section and its surround-
ings. And then, taking the section influence degree as input,
the road network disequilibrium will be measured from the
aspect of network influence.

Box et al. [14] gave a cross-correlation function (CCF)
in 2008 to measure the relationship of two objects at a given
delayed time. Taking two traffic flow time series X and Y
as the binary stochastic process, the CCF can compute the
correlation of the two traffic flow time series at a time lag s.
The CCF can be denoted as follows

γ (s) =
E (x (t)− µX ) (y (t + s)− µY )√

σ 2
Xσ

2
Y

(1)

where µx , µy, σ 2
x , σ

2
y are the means and variances of the two

traffic flow time series. X (t) is the values of traffic flow X at
time t , and y(t+ s) is the values of traffic flow Y at time t+ s.
In fact, for a certain section, there is usually more than one

neighbor in the network. Therefore, the spatial weight matrix
is drawn into the CCF to represent the influence between this
section and its surroundings under different time and space
delays clearly and accurately.

The spatial weight matrix can measure the adjacency of
any two spatial objects of a network [15]. Drawing from
graphs and complex network theory, a road network can be
considered as a graph G = (M , N ) with a set M of m nodes
and a set N of n edges. When considering the traffic flow,
it should be a directed graph [16], [17]. The adjacency matrix
can be expressed as follows [18]: When there is a direct
traffic flow that impacts the relationship between edge i and j,
it can be viewed that they are first-order neighbors. Therefore,
the 1st-order adjacency matrix W1 is composed of all first-
order relationships between all edges in a network, and the
2nd-order adjacency matrix W2 is the 1st-order relationships
of matrixW1 for the road network. By analogy, the kth-order
adjacency matrixWk can be defined.

Because of the relationship and direction of influence
between traffic flows, there is some differences in the adja-
cency matrix from other common directed graphs [18]:

(1) When the traffic state is free, the direction of influence
will be from a section to its downstream section because the
traffic flows downstream. However, the direction of influence
will be counteracted upstream when the traffic is congested.
That is, the relationship and direction of influence between
traffic flows is two-way.

FIGURE 2. Spatial weight matrices of a road network. (a) An example of
road traffic network; (b) First-order spatial weight matrix; c) Second-order
spatial weight matrix.

(2) When the traffic out of a section goes into two down-
stream sections at the same time, or it flows from two sections
into their common downstream section, these two sections
will be 2nd-order neighbors rather than first-order.

Based on the road network structure, the kth-order
adjacency matrix weights are denoted as (2) in this paper,
considering the distance between two sections. Taking the
road network shown in Figure 2 as an example, the spatial
weight matrix can be obtained as in Figure 2.

wij =


1
k
, when i and j are kth-order neighbors

0, else
(2)

For a certain section with traffic flow X , the CCF between
the section and its kth-order neighbors can be developed as
follows.

γi(k, s) =

T∑
t=1

(xi(t)− xi)
(
W (k)xi(t + s)−W (k)xi

)
√∑

t
(xi(t)− xi)2

√∑
t

(
W (k)xi(t + s)−W (k)xi

)2
(3)

where γi(k, s) is the CCF between section i and its neighbors;
k is the space lag; s is the time lags; T is the statistical period;
xi(t) is value of traffic flow X for section i when time is t; x̄i
is the average of traffic flow X ;W (k)xi(t + s) is a space delay
operator, representing the weighted value of traffic flow for
the kth-order adjacent sections of section iwhen time lag is s,
and ¯W (k)xi is the average of its kth-order adjacent sections’
traffic, then it can be denoted as follows

W (0)xi(t) = xi(t),W (k)xi(t) =
m∑
j=1

wkijxj(t) (4)

where m is the section number of the network, andW k
ij is the

value of the adjacency relationship between section i and j in
in the kth-order spatial weight matrix.

Note that the CCF measures the correlation between one
section and its surroundings. It can be treated as a discrete
process that varies with time delay s and space delay k .
In this work, section influence degree is employed to describe
the influence between one section and its all surroundings,
and it can be considered as the comprehensive value of the
CCF in space and time dimensions. In order to reflect the
influence degree of a certain section in the road network, it is
necessary to integrate the CCF in space and time dimensions.
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Firstly, an integrated spatial weight matrix is proposed to
integrate the CCF in the spatial dimension by the equation (3),
then it is integrated in the temporal dimension using the tech-
nique for order preference by similarity to an ideal solution
(TOPSIS) [19].

The integrated spatial weight matrix can be obtained
through the sum of different order spatial weight matrixes as
in the following equation (5)

W ′ =
k∑
i=1

Wi (5)

whereWi is the ith-order spatial weight matrix.W ′ is the inte-
grated spatial weight matrix, representing that the influence
of a section on its first-order to kth-order neighbors should
be taken into account in the meantime. It is worth noting that
W ′ij should be row-standardized in the experimental analysis.

The steps of TOPSIS are as follows.
(1) Define the positive and negative ideal points

A+ =
{
max
i
ri(s) |s ∈ S, 1 ≤ i ≤ N

}
=
{
A+(s) |s ∈ S

}
A− =

{
min
i
ri(s) |s ∈ S, 1 ≤ i ≤ N

}
=
{
A−(s) |s ∈ S

}
(6)

where ri(s) is the CCF of section i at time lag s synthesized in
space. S is the set of time delay values. N is the section num-
ber of the road network. A+ (s) and A− (s) are the maximum
and minimum values of the CCF. Here, it is usually valued
that A+ (s) = 1,A− (s) = 1 because of the range of [−1, 1]
of the CCF.
(2) Compute the distance
The Euclidean weighted distance is usually used as

follows to compute the distance between the CCFs and the
positive or negative ideal points.

E+i =

√∑
s

ws(ri(s)− A+(s))2, 1 ≤ i ≤ N

E−i =

√∑
s

ws(ri(s)− A−(s))2, 1 ≤ i ≤ N (7)

where ws is a weighting coefficient. E+i is the distance
between the CCF and the positive ideal point. E−i is the
distance between the CCF and the negative ideal point.

(3) Calculate the influence degree
The relative closeness ei of section i is calculated to

measure the influence degree of section i on other sections
in the road network.

ei =
E−i

E−i + E
+

i

, 1 ≤ i ≤ N (8)

(4) Normalize the influence degree
So as to distinguish the differences of the influence of

a section on others easily, the influence degree should be
normalized as follows.

ci =
ei −min ei

max ei −min ei
, 1 ≤ i ≤ N (9)

where ci is the influence degree of section i.

B. SECTION FLOW BETWEENNESS
Asmentioned above, a road traffic network can be considered
as a directed graph G = (M , N ) when regarding traffic flow
and the topology of the network. Because of the differences
in location and traffic flow distribution of the sections, each
section plays a different role in a road network. That is, each
section has different actual load capacity at different times.

In complex network theory, the betweenness can be used
to reflect the importance of each edge in the network in
the physical structure. On this basis, by introducing traffic
flow, section flow betweenness is proposed to measure this
difference in both location and traffic flow distribution. It can
be regarded as a reflection of the importance of section of
the importance of road capacity distribution. And then, it is
used as the input to measure the disequilibrium of the road
network from the aspect of network capability based on the
Gini coefficient and Theil index.

Section flow betweenness can be defined as the ratio of
the total traffic flow of the shortest paths passing through
a certain section to the total traffic flow of all the shortest
paths between any two nodes in the road network. To a certain
extent, the larger the section flow betweenness is, the more
traffic the section carries in the whole road network and the
greater important role the section plays [20]. Given the traffic
flow data of the road network, section flow betweenness can
be obtained by the following equation in this paper:

fi =

T∑
t=1

∑
a,b∈N ,a6=b

x i(a,b)(t)

T∑
t=1

∑
a,b∈N ,a6=b

x(a,b)(t)

, 1 ≤ i ≤ N (10)

where fi is the flow betweenness of section i; T is the statisti-
cal period; a, b are the nodes in the road network; x i(a,b)(t) is
the traffic flow of section i among the shortest paths passing
through section i between node a and b at time t; and x(a,b)(t)
is the total traffic flow of the shortest paths between node a
and b at time t .

III. ROAD NETWORK DISEQUILIBRIUM
ANALYSIS MODEL
In 1921, Italian economist Corrado Gini proposed the Gini
coefficient based on a Lorentz curve to measure the equi-
librium degree of resource allocations, such as for property,
capital, products, markets, and so on [21]. For road network
X , it can be divided into n groups according to factors such
as section, road, statistical period, and so on. As shown in
Figure 3, taking the accumulated percentage of component
numbers in each group as the abscissa, and the accumu-
lated percentage of characteristic values as the ordinate,
the Lorentz curve forms a square with an area of 1. The
diagonal line is the absolute average line. The Gini coefficient
is the proportion of the area surrounded by the Lorentz curve
and the absolute average line to the area between the absolute
fairness line and absolute unfairness line. The greater the Gini
coefficient is, the more unbalanced the road network is.
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FIGURE 3. The grading standards of the Gini coefficient.

TheGini coefficient can reflect the disequilibrium of a road
network intuitively from a global perspective. However, it
can’t show where the imbalance exists in the road network.
For this, the Theil index is also employed in the road traffic
network disequilibrium analysis as an effective supplement
to the Gini coefficient.

The Theil index was proposed by metrology economist
Henri Theil in 1967 to measure income inequality using
the entropy in information theory [22]. As the effective
supplement to the Gini coefficient, Theil index is better
in intra-group decomposition than the Gini coefficient, and
it can measure the contribution of intra-group and inter-
group disparity to the disequilibrium of a road network,
respectively [23]. It would be helpful to find out the causes
of disequilibrium and verify the results of Gini coefficient
measurements.

Therefore, in order to ensure comprehensive and accurate
analysis of road network disequilibriummulti-dimensionally,
taking the section influence degree and section flow between-
ness, respectively, as the input indicators, a road traffic net-
work disequilibrium analysis model is proposed based on the
Gini coefficient and Theil index in this work to measure the
traffic flow disequilibrium of the road network and to find out
the unbalanced points in the network.

For a road network R, analysis of road traffic network
disequilibrium based on the Gini coefficient and Theil index
can be described as follows.

(1) Divide the network into k groups R = {Ri}={(αm,
βm)}, i = 1, 2, · · · , k with an ascending sort order according
to the sections. In group Ri, αm represents the components,
which can be a section or a statistical moment; βm is the
section influence degree or section flow betweenness corre-
sponding to αm and ni is the number of components, which
can be the number of sections or moments in different statisti-
cal periods (such as days, hours, minutes, and so on). Bi is the
composite value of group Ri, which can be a weighted sum
of the section influence degree or section flow betweenness
corresponding to αm.

Bi =
∑ni

m=1
ωm · βm (11)

(2) Calculate the proportion of component number xi and
accumulated percentage Xi.

xi = ni

/∑k

i=1
ni, Xi =

∑i

j=1
xi (12)

(3) Calculate the proportion of section characteristic value
yi and accumulated percentage Yi.

yi = Bi

/∑k

i=1
Bi, Yi =

∑i

j=1
yi (13)

(4) Taking Xi as the abscissa and Yi as the ordinate, the
expression of the Lorentz curve Y = f (X ) is obtained by
fitting scatter points (Xi, Yi).
(5) Compute the Gini coefficient G, as shown in Figure 3.

G = S1
/
(S1 + S2) = S1

/
0.5 = 1− 2

∫ 1

0
YdX (14)

(6) Compute the slope θi between two adjacent Ri groups.
This means that the bigger θi is, the quicker the change of Ri
is, and the more unbalanced it is.

θi = (Yi − Yi−1)
/
(Xi − Xi−1) = yi

/
xi (15)

(7) Compute Theil index T as follows.

T = Tra +
k∑
i=1

Bi∑k
i=1 Bi

· Ti

Tra =
k∑
i=1

Bi∑k
i=1 Bi

· ln
Bi
/∑k

i=1 Bi

ni
/∑k

i=1 ni

Ti =
ni∑
m=1

βi,m

Bi
ln
βi,m

/
Bi

1
/
ni

(16)

where T is the Theil index, representing the disequilibrium
of road network; Tra is the disequilibrium degree between
groups; and Ti is the disequilibrium degree within group Ri.
(8) Calculate the contribution of traffic flow disequilibrium

in the road network as follows

ηra =
Tra
T
; ηi =

Bi∑k
i=1 Bi

·
Ti
T
, i = 1, 2, · · · , k (17)

where ηra is the contribution rate of the traffic flow dise-
quilibrium between groups to the whole network; and ηi is
the contribution rate of the traffic flow disequilibrium within
group Ri.

IV. CASE STUDY
A. EXPERIMENT SCENARIO AND DATA
In this paper, the disequilibrium measurement model is ana-
lyzed in practice using traffic flow data from a Beijing
regional road network. At present, the Expressway Traffic
Information Detection System has been built by Beijing
Traffic Management Bureau. The volume, speed and time
occupancy of almost all ring roads and their connecting lines
are obtained every 2 minutes through microwave detectors in
the system. As shown in Figure 4, a subset of Beijing’s road
network comprising 26 sections (list in table 1) was selected
as the test subject in this case.

For the survey data, because of the effects of random ele-
ments caused by the noise in the 2-min data, data smoothing
was necessary, and the time interval of the traffic data in the
modeling was transformed into 10 minutes. Finally, the data
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TABLE 1. Information on the 26 sections included in the test network.

FIGURE 4. A part of Beijing’s road network as the test network. (a) The
location of the network; (b) The structure of the test network.

from 19 May to 29 June 2014 (6 weeks total) were chosen in
practice.

In this study, the process of analyzing the road traffic
network disequilibrium is threefold. First, taking section
influence degree as the input, the road traffic network dis-
equilibrium is measured from the aspect of network influ-
ence. Second, taking section flow betweenness as the input,
the road traffic network disequilibrium is measured from
the aspect of network capability. Lastly, according to the
results of the two parts above, the traffic disequilibrium of
the test network is analyzed comprehensively in different
dimensions.

B. INFLUENCE DISEQUILIBRIUM BASED
ON SECTION INFLUENCE DEGREE
Take the Beijing regional road network shown in Figure 4 as
the object, the disequilibrium measurement based on section
influence degree could be divided into two parts: one is the
calculation of section influence degree for the 26 sections in
the test network; the other is the quantification of the test
network disequilibrium based on the Gini coefficient and
Theil index.

In order to analyze traffic disequilibrium of the test net-
work in detail, a case was carried out for three periods in one
day: AM peak (7:00–10:00), Inter peak (11:00–14:00), and
PM peak (17:00–20:00).

1) SECTION INFLUENCE DEGREE CALCULATION
Based on the traffic data from 19 May to 29 June 2014,
the section influence degree in practice for each day of these

FIGURE 5. Section influence degree of the 26 sections on 21 May 2014.

26 sections during the 42 days was tested separately in this
work. For a certain section, the traffic may flow into the
sections that are higher than their 5th-order neighbors in the
10-min time interval because of the length of the sections.
Thus, the integrated spatial weight matrix W ′ is obtained
by using the first to fifth-order spatial weight matrices
(W1 − W5) in calculating the section influence degree. That
is, the value of k is 5 in equation (5). Besides, it is worth
noting that the weights of the spatial weight matrix should be
row-standardized at first.

As an example, Figure 5 shows the section influence degree
of the 26 sections on 21 May 2014 corresponding to the three
periodsmentioned above: AMpeak, Inter peak, and PMpeak.
As shown in Table 2, the 42-day average section influence
degree of the 26 sections is also given.

In this work, the section influence degree is proposed
to describe the influence of the relationship between each
section and its surroundings. It is shown that the section
influence degree had obvious heterogeneity. For example, the
42-day average section influence degrees of section 2 were
0.434, 0.220, and 0.535, corresponding to AM Peak, Inter
Peak, and PM Peak respectively, while they were 0.707,
0.610, and 0.283 for section 19. To a certain extent, this het-
erogeneity can be considered as a representation of the influ-
ence of road traffic network disequilibrium both in time and
space. Then, based on the Gini coefficient and Theil index,
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TABLE 2. The 42-day average section influence degree.

TABLE 3. The section influence degree of the 26 groups for the statistical period of 42 days.

TABLE 4. The results of the Gini coefficient and Theil index in the statistical period of 42 days.

the disequilibrium will be quantified multi-dimensionally
with the input of the daily section influence degree.

2) THE INFLUENCE DISEQUILIBRIUM MEASUREMENT
In this case, based on the daily section influence degree, the
disequilibrium is quantified from two statistical time dimen-
sions. One is the statistical period of 42 days; the other is
the same day of each week. As shown in Figure 3, the test
network can be divided into 26 groupsR = {Ri}={(αm, βm)},
i = 1, 2, · · · , 26 according to the sections. In group Ri,
βm is the section influence degree corresponding to section
i; αm is the statistical moment; Bi is the composite value,
here it is the sum of the section influence degree; and ni
is the number of section influence degrees for section i in
the statistical periods. For the survey data from 19 May to
29 June 2014 (6 weeks total), the section influence degree is
calculated daily, that is, the statistical moment αm is daily.
Thus, the number of section influence degrees is 42 for each
section in the statistical period of 42 days, and it is 6 on the
same day over the 6 weeks.

Taking the statistical period of 42 days as an example,
Table 3 gives the section influence degree of the 26 groups.
According to the modeling process of the disequilibrium
measurements based on the Gini coefficient and Theil index,
the 26 groups are sorted in ascending order by the sum of the
section influence degreeBi, and then the disequilibrium of the
test network is quantified corresponding to AM peak, Inter
Peak, and PM peak, respectively. Table 4 gives the outcomes
of the Gini coefficient and Theil index in the statistical period
of 42 days. Figure 6 shows the fitting process of the Lorentz
curve and the slope θ of each group (section) for the 3 periods.
Figure 7 gives the intra-group contribution rate ηi of traffic
flow disequilibrium.

By examining these figures and tables, the following state-
ments could be drawn:

• Table 4 shows a comparison of the Gini coefficient
and Theil index in the statistical period of 42 days.
It could be observed that the Gini coefficient calculated
during the Inter peak was the largest. That is, compared
to the other periods, the test network was the most
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FIGURE 6. The Lorentz curve and the slope for the statistical period of 42 days based on the section
influence degree. (a) The results of Lorentz curve; (b) The results of slope.

FIGURE 7. The intra-group contribution rates of traffic flow
disequilibrium based on the section influence degree.

unbalanced during the Inter Peak in the statistical period
of 42 days from the aspect of the relationship influence.
Meanwhile, the values of the Theil index showed the
same trend as the Gini coefficient, which confirmed this
result.

• The inter-group contribution rate ηra shows how much
the disequilibrium between sections contributes to the
disequilibrium of the whole network, while the intra-
group contribution rate ηi shows how much the disequi-
librium between different moments in the corresponding
section i contributes to the disequilibrium of the whole
network. According to the results in Table 4, disequi-
librium in the test network was mainly caused by the
intra-group disequilibria of each section, that is, it was
mainly caused by the internal differences in influence of
a section on others at different moments.

• Figure 6 displays the slope of each group (section) for
the 3 periods. The slope of section 20 was the largest
during the AM Peak, which was 1.488, while the section
with the largest slope in Inter Peakwas section 26, whose
value was 1.637. For the PM Peak, section 18 had the
largest slope with a value of 1.613. This means that
there were some differences between these sections and
others in the influence on their surroundings. It could
be regarded that these sections may be one of the main
factors that led to traffic disequilibrium in the corre-
sponding period.

• Based on the Theil index, Figure 7 gives the intra-group
contribution rate ηi to explain how much influence
the disequilibrium between different moments of each

FIGURE 8. The sections with the largest slope θ from Monday to Sunday
based on the section influence degree.

section contributed to the disequilibrium of the whole
network. The influence of each section varied greatly at
different moments in a time period. For example, during
the AM Peak, the influences of section 3, 8, 9, and 18 on
their surroundings at different moments had significant
differences, while the influences of section 11, 17, and
19 at different times were relatively balanced. In a word,
these sections that have the greater intra-group contri-
bution rates could be considered as the key points in the
road network corresponding to the statistical period, and
they should be focused on in daily management.

• Combining the above conclusion that the test network
was mainly caused by the intra-group disequilibrium of
each section, the sections that have the greater intra-
group contribution rates should be taken priority in what
we need to pay attention to daily.

Similarly, we also measured the influence disequilibrium
of the test network on the same day of each week during the
42 days. Table 5 gives the section influence degree of the
26 groups on Monday as an example. Table 6 lists the statis-
tical results of the Gini coefficient and Theil index during the
AM Peak, Inter Peak, and PM Peak from Monday to Sunday.

In addition, Figure 8 displays the sections with the largest
slope θ corresponding to the AM peak, Inter Peak, and PM
peak, respectively, from Monday to Sunday. As an example,
the sum of intra-group contribution rates ηi in the AM peak,
Inter Peak, and PM peak for each section were calculated in
this work, and the sum of contribution rates for the 26 sections
from Monday to Sunday are shown in Figure 9.
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TABLE 5. The section influence degree of the 26 groups on Mondays during the 42 days.

TABLE 6. The statistical results of the Gini coefficient and Theil index based on section influence degree.

Similar to the results of the Gini coefficient in Table 4,
the value of the Gini coefficient in Table 6 was almost the
largest during the Inter peak on Monday to Sunday. In the
same way, the Theil index in Table 6 also validated this
result. This means that the test network was the most unbal-
anced during the Inter Peak in terms of network influence.
According to the results from Monday to Sunday in Table 6,
almost all the inter-group contribution rates ηra were a little
smaller than the sum of intra-group contribution rates ηi of
the 26 sections. That is, the results were the same as those
corresponding to the statistical period of the 42 days, and
disequilibrium of the test network was also mainly caused by
the intra-group disequilibrium of each section.

Figure 8 displays the sections with the largest slope during
the AM Peak, Inter Peak, and PM Peak, separately. It could
show us which section may have played an important role in
road traffic network equilibrium on different days in terms of
section influence degree. For example, the slope of section
20 was the largest for the AM Peak on Monday, which was
1.540, while the section with the largest slope in Inter Peak
was 18, whose value was 1.811. For PM Peak, section 8 had
the largest slope, with a value of 1.530 on Monday. As can
be seen from Figure 9, the sum of intra-group contribution
rates ηi of the 26 sections varied greatly on different days.
Taking Monday as an example, the intra-group contribution
rate of section 1 was 0.0964, while the contribution rate of
section 18 was 0.2212. Meanwhile, the relationships between
sections 4, 9, 18, 24, 26 and their surroundings at different

FIGURE 9. The sum of intra-group contribution rates for the 26 sections
from Monday to Sunday based on the section influence degree.

moments in a day had significant internal differences, and
these sections could be considered as key points in the road
network corresponding to the statistical period. According to
the results above, the sections identified by the intra-group
contribution rates need to be focused on first in alleviating
traffic congestion.

C. CAPABILITY DISEQUILIBRIUM BASED
ON SECTION FLOW BETWEENNESS
For the test network, disequilibrium measurements based on
section flow betweenness are also divided into two parts: one
is the calculation of daily section flow betweenness for the
26 sections; the other is the quantification of the test network
disequilibrium based on the Gini coefficient and Theil index.
The case was also performed according to the three periods
mentioned above in one day.
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TABLE 7. The 42-day average section flow betweenness.

TABLE 8. The section flow betweenness of the 26 groups for the statistical period of 42 days.

FIGURE 10. Section flow betweenness of the 26 sections on 21 May 2014.

1) SECTION FLOW BETWEENNESS CALCULATION
For the traffic data from 19May to 29 June 2014, section flow
betweenness for each day of these 26 sections was tested in
practice. As an example, Figure 10 shows the section flow
betweenness of the 26 sections on 21May 2014. Table 7 gives
the 42-day average section flow betweenness corresponding
to the AM peak, Inter peak, and PM peak.

In this work, section flow betweenness was shown to
describe the differences in location and traffic flow distribu-
tion of the sections. Section flow betweenness had obvious
heterogeneity, showing that the 26 sections played different
roles in the network. For example, the 42-day average values
of section flow betweenness of section 18 were 0.009, 0.012,
and 0.014, corresponding to the AMPeak, Inter Peak, and PM
Peak respectively, while theywere 0.089, 0.080, and 0.083 for
section 22. These values embody the disequilibrium in the

capability of road traffic network. It is noteworthy that the
variation of the section flow betweenness for the 26 sections
in the AM Peak was similar with that in the Inter Peak and
PM Peak. This could be due to the role of each section in the
test network being similar or stable during the three periods.
Then, based on the Gini coefficient and Theil index, the dis-
equilibrium will be quantified multi-dimensionally with the
input of daily section flow betweenness.

2) THE CAPABILITY DISEQUILIBRIUM MEASUREMENT
In this case, based on the daily section flow betweenness,
disequilibrium measurements were also performed from two
statistical time dimensions respectively: over the total 42 days
and for the same day of each week. Taking the statistical
period of 42 days as an example, Table 8 gives the section
flow betweenness of the 26 groups, and then the disequi-
librium of the test network was quantified corresponding to
the AM peak, Inter Peak and PM peak. Table 9 lists the
results of the Gini coefficient and Theil index in the statistical
period of 42 days. Figure 11 shows the fitting process of the
Lorentz curve and the slope θ of each group (section) for the
3 periods. The intra-group contribution rate ηi of traffic flow
disequilibrium is given in Figure 12.

Examining these figures and tables, the following
statements could be drawn:
• Taking section flow betweenness as the input,
Table 9 shows results of the Gini coefficient and Theil
index in the statistical period of 42 days. It could be
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TABLE 9. The results of the Gini coefficient and Theil index based on section flow betweenness.

FIGURE 11. The Lorentz curve and the slope for the statistical period of 42 days based on
section flow betweenness. (a) The results of Lorentz curve; (b) The results of slope.

FIGURE 12. The intra-group contribution rate of traffic flow
disequilibrium based on section flow betweenness.

observed that the Gini coefficient calculated during the
PM peak was the largest. That is, compared to the
other periods, the test network was the most unbal-
anced during the Inter Peak in the statistical period
of 42 days, from the aspect of section capability. Mean-
while, the values of the Theil index showed a similar
trend as the Gini coefficient, which also confirmed this
result.

• Compared to the inter-group contribution rate ηra,
the sum of the intra-group contribution rate ηi in the AM
Peak, Inter Peak, and PM Peak was much smaller. This
means that disequilibrium in the test networkwasmainly
caused by the inter-group disequilibrium between the
26 sections. That is, it was mainly caused by the signifi-
cant difference in the roles that each section played in the
network at the same time, rather than by the intra-section
difference in the capability at different moments during
the statistical period. There was almost no contribution
of the differences in the section capability distribution
over time to the disequilibrium of the network.

• Figure 11 displays the slope of each group (section) for
the three periods. The slope trends were similar with

each other. It can be considered that the capability dis-
tributions between different sections were similar in the
three different statistical periods. The slope of section
22was the largest during theAMPeak, whichwas 2.305.
The section with the largest slope in Inter Peak was 9,
and its value was 2.285. For the PM Peak, section 9 had
the largest value, which was 2.332. This means that there
were some differences between these sections and others
in the capability distribution of the whole test network.
It could be regarded that these sections may be one of
the main factors that led to traffic disequilibrium, and
they should receive more attention in the corresponding
period.

• Figure 12 gives the intra-group contribution rate ηi
to explain how much the unbalanced capability dis-
tribution of each section in time contributed to the
disequilibrium of the whole network. The capability
distribution of each section varied greatly at different
moments in a time period. For example, during the AM
Peak, the capability distributions of sections 8, 18, and
26 at different moments had significant interior differ-
ences, while the capability distributions of sections 4,
11, 16, and 21 at different times were relatively bal-
anced. In addition, the intra-group contribution rate of
section 26 in the AM Peak was obviously different from
that in the Inter Peak or PM peak. It may be because
the traffic of section 26 changed greatly in the AM
peak, while it was relatively stable in the Inter Peak or
PM Peak.

• Combining the above conclusion that disequilibrium of
the test network was mainly caused by the significant
difference in the roles that each section played in the
network at the same time, the sections that have greater
slopes should be considered more when just considering
the section capability distribution in the whole road
network.
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TABLE 10. The section flow betweenness of the 26 groups on Mondays during the 42 days.

TABLE 11. Statistical results of the Gini coefficient and Theil index from Monday to Sunday based on section flow betweenness.

FIGURE 13. The sections with the largest slope θ from Monday to Sunday
based on section flow betweenness.

Similarly, the disequilibrium of the test network was also
measured on the same day of each week during the 42 days.
Table 10 gives the section flow betweenness of the 26 groups
onMonday as an example. Table 11 lists the statistical results
of the Gini coefficient and Theil index.

In addition, taking section flow betweenness as input,
Figure 13 displays the sections with the largest slope θ from
Monday to Sunday. As an example, the sum of intra-group
contribution rates ηi in the AM peak, Inter Peak, and PM peak
for each section was calculated in this work, and the sum of
contribution rates for the 26 sections fromMonday to Sunday
are also shown in Figure 14.

Compared to results of the Gini coefficient in Table 6,
the results in Table 11 were a little different. It could be
observed that the test network was the most unbalanced in

FIGURE 14. The sum of intra-group contribution rates for the 26 sections
from Monday to Sunday based on section flow betweenness.

the Inter Peak on Monday, Wednesday, and Sunday in terms
of network capability, while it was the PM peak on the other
days. It is worth noting that the trend of the Theil index in one
day was basically the same as that of the Gini coefficient,
which confirms the disequilibrium measurements of road
traffic network again. From the section capability distribu-
tion, the results of Tra indicated the same phenomenon as
that shown in table 9, in which the disequilibrium of the
test network was mainly caused by the difference between
sections, rather than by the different capability distributions
of a certain section at different moments.

Based on section flow betweenness, Figure 13 displays
the sections with the largest slopes during the AM Peak,
Inter Peak, and PM Peak, separately. Section 22 may play
an important role in road traffic network equilibrium in the
AM peak, except on Friday; however, section 9 played an
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TABLE 12. The comprehensive results of the Gini coefficient and Theil index.

important role during the Inter Peak and PM Peak. As shown
in Figure 14, the sum of intra-group contribution rates of
sections 8, 9, and 26 for the AM Peak, Inter Peak, and PM
peak had the larger values on Monday to Sunday. This means
that internal differences in the capability distribution of these
sections at different moments were more obvious, and the
impact of these sections on road network disequilibrium was
greater than that of the other sections.

According to the result that the disequilibrium of the test
network was mainly caused by the difference in capabilities
between sections, the sections with the larger slope should
receive more attention in traffic management.

D. ROAD TRAFFIC NETWORK DISEQUILIBRIUM
ANALYSIS
In this paper, the disequilibrium of a road traffic network was
measured separately with the two aspects of the influence
relationship and capability distribution. In order to get a
comprehensive evaluation of how disequilibrium in the road
traffic network exists and what characteristics the disequilib-
rium has, the network influence relationship and capability
distribution should be considered at the same time when
measuring the road traffic network disequilibrium, and the
linear weighting method could be employed as follows:

z = ω · x + (1− ω) · y (18)

where z is the comprehensive measurement of the disequi-
librium, both considering the network influence relationship
and capability distribution; x is the measurement of the influ-
ence disequilibrium based on section influence degree; y is
the measurement of the capability disequilibrium based on
section flow betweenness; and ω is the adjustment weight,
which indicates which factor receives more attention in the
comprehensive analysis of road traffic network disequilib-
rium. For example, when the weight ω > 0.5, it means
that the influence is concerned more in the disequilibrium
measurement of the road network, while the weight ω < 0.5
means that the network’s capability receives more attention
in the work.

FIGURE 15. The sections with the largest slope θ considering both
attributes.

FIGURE 16. The sum of intra-group contribution rates for the 26 sections
considering the two attributes.

In this case study, the disequilibrium of the test network
was also analyzed with a mixture of the network influence
relationship and capability distribution. Taking the weight
ω = 0.5 as an example, Table 12 gives comprehensive
measurements of the disequilibrium based on the statistical
period of the 42 days and the same day of each week.

In addition, based on considering the two attributes,
Figure 15 displays the sections with the largest slope θ
corresponding to the AM peak, Inter Peak, and PM peak,
respectively, for the two statistical periods, and the sum of
the intra-group contribution rates ηi for the 26 sections are
also shown in Figure 16.

According to the results in Table 12, the test network
was the most unbalanced basically during the Inter Peak,
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whether the statistical period is the 42 days or the same day
of each week, which was confirmed mutually by the Gini
coefficient and Theil index. This was a consequence of both
the section influence relationship and capability distribution.
It may be because of the nonstationary traffic flow in the
Inter Peak. On one hand, travel routes are selected randomly
based on people’s daily travel habits when traffic is rela-
tively smooth. The traffic flow distribution is stochastic and
unbalanced. On the other hand, there are strong differences
in the traffic state of sections during the Interpeak, leading
to obvious differences in the strength of influence between
sections.

Comprehensively considering the actions of network
influence and capability attributes, it can be seen from
Table 12 that the inter-group contribution rate Tra was a little
greater than the total intra-group contribution rate

∑
Ti, and

disequilibrium in the test network was mainly caused by
the difference between sections rather than by the interior
difference of a certain section at different moments. For this
test network, it means that reducing the difference in traffic
flow at the same time between sections in the test network
should be considered first in alleviating traffic congestion.

Figure 15 displays the sections with the largest slope θ
considering the two attributes for the AM Peak, Inter Peak,
and PM Peak, separately. Section 22 may have played an
important role in road traffic network equilibrium in the
AM peak, except on Friday; however, section 9 played an
important role during the PM Peak. In addition, during the
Inter Peak, the section with the largest slope θ was 9 on
Monday, Tuesday, and Saturday, while it was section 22 from
Wednesday to Friday and section 23 on Sunday. This means
that these sections played a more important role in leading to
the disequilibrium of this test network than the other sections.
All of this indicates that the traffic flow of the test network
changes in a similar way every day, and the rules on one
day are relatively more complex and random during the Inter
Peak.

As shown in Figure 16, the sum of intra-group contribution
rates of the AM Peak, Inter Peak, and PM peak for sections 9,
18, 24, and 26 had the larger values no matter if the 42 days
or the same day of each week was measured. The differences
within these sections at different moments weremore obvious
than others. It could be partly regarded that they had some
impact on road network balance, and they should also receive
attention in daily management.

Therefore, considering the influence relationship and
capability distribution of the section, the level of this test
network disequilibrium is analyzed from the view of the
overall network. It shows that the test network was the most
unbalanced basically during Inter Peak, which is consistent
with the actual traffic situation. Besides, the disequilibrium
contributions of the inter- and intra-section to the whole
network during the different time periods is also given in this
paper. It could provide effective decision-making supporting
information in daily traffic management. The results of Gini
coefficient and Theil index are coincident approximately,

and agree with the states of the actual road network traffic
distribution, which indicates that this proposed method is
reasonable and feasible.

V. CONCLUSION
The road traffic network is in apparent disequilibrium due to
the traffic flow distribution, network structure, etc., and the
traffic congestion always occurred in certain areas or sections.
It is found that unbalance analysis of the road network and the
unbalanced points study could provide great support for the
road network structure optimization. Hence, a road network
disequilibrium measurement model based on Gini coefficient
and Theil index is proposed in this paper to describe the
level of the road network disequilibrium under the action of
traffic flow and to give the contributions of sections to the
network disequilibrium. First, the difference information on
influence and capability between sections generated by the
network structure, traffic distribution and section location are
represented by introducing the indicators of section influ-
ence degree and section flow betweenness. Second, the road
network disequilibrium measurement model is established
based on the idea of Gini coefficient and Theil index, in
which the section influence degree and flow betweenness
are taken as the input. In the end, an empirical analysis of
the disequilibrium measurement for a subset of Beijing road
network is conducted, and this goal was clearly achieved by
this effort.

It is verified that the application of section influence degree
and section flow betweenness for disequilibrium measure-
ment not only can objectively reveal the disequilibrium level
of road network in terms of different characteristics, but
also can find out the relatively unbalance places of the road
network through the contribution of sections to the network
disequilibrium. This is of great theoretical and practical sig-
nificance to the study of traffic congestion alleviation. It can
provide effective decision-making supporting information
in daily traffic management to realize the optimization of
road network resources, for example, traffic diversion, traffic
lights time-assignment, and so on. Meanwhile, through the
road network disequilibrium analysis, we can understand
the overall development of the road network, and analyze
the deficiencies in the development. This will be useful for
guiding the road network planning and construction, and we
can optimize the road network structure by the transformation
of unbalanced or bottleneck points in the road network.

Moreover, it can also be used for other frequency
data or experiment scenarios without difficulty because they
share a common theoretical foundation. All these character-
istics make this method attractive, and there is great potential
for improvement. The future steps of this work are as follows:

(1) Improve the method by considering multiple factors to
further analyze and discuss the reasons for the imbalance of
a road network.

(2) Apply this work to evaluate traffic states, traffic
guidance, and other researches, for example, summarizing
adaptive adjustment models of the weight of the traffic
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state evaluation according to the imbalance of the road
network.
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