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Traffic status analysis is the basis for highway management and control. Most of the previous research studies were carried out
from the perspective of road segments. *e purpose of this paper is to analyze the difference in traffic operation characteristics of
an eight-lane highway from the perspective of lanes. Lane saturation, average lane speed, and lane density were selected as traffic
state evaluation indicators, and the concept of state space division was introduced to classify the traffic operation status of each
lane. *en, a single-system multi-index dynamic comprehensive evaluation method was adopted to reflect the time-varying
characteristics and the development trend of the operation status of each lane. *e research results can provide the theoretical
support for more refined highway management and improve the service level of the eight-lane highway.

1. Introduction

Highways play an important role in accelerating interre-
gional passenger and cargo transportation and promoting
regional, social, and economic development. *e increas-
ingly strengthened transportation links between regions
have put forward higher requirements on highway capacity.
Many important channels such as Shenyang-Dalian High-
way, Shanghai-Nanjing Highway, and Beijing-Zhuhai
Highway have been transformed from the original four-lane
highway into an eight-lane highway. Compared with the
four-lane highway, the eight-lane highway has a higher
degree of freedom for vehicles, and the lane-changing be-
havior is more complicated. Moreover, due to the imple-
mentation of lane-dividing management and control
strategies, the vehicles present different operating charac-
teristics between lanes. To improve the operation and
management level and alleviate the traffic congestion, it is
necessary to conduct an in-depth analysis of the traffic status
of the eight-lane highway to provide more refined man-
agement and control guidance to the highway managers.

A majority of research works have been dedicated to the
traffic status analysis of the highway. *e Highway Capacity
Manual divided the traffic flow into six service levels to
describe the traffic status of the highway, which is currently
the most widely used evaluation standard in traffic engi-
neering practice [1]. Wu established a new approach for
modeling of fundamental diagrams. According to the model,
the fundamental diagram can be represented as a super-
position of four homogeneous traffic states [2]. Kerner
proposed a three-phase traffic flow theory to describe the
characteristics of different traffic flow states and the phase
transition process between states and explained the temporal
and spatial characteristics of congestion patterns on high-
ways [3–6]. Xia and Chen developed a data-clustering
methodology to define the flow phases using continuous
traffic data obtained through detectors and divided the traffic
into five states by selecting the traffic flow, loop occupancy,
and speed as the clustering indicators [7, 8]. Azimi and
Zhang adopted K-means, fuzzy C-means, and CLARA
(clustering large applications) to classify freeway traffic flow
conditions based on flow characteristics and found that the
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traffic status classification result obtained by the K-means
clustering method is the closest to the Highway Capacity
Manual level-of-service criteria [9]. Xu et al. evaluated the
impacts of traffic states on crash risks on freeways and found
that the traffic status at the level of service (LOS) E had the
highest crash potential followed by LOS F and D. *e traffic
status at LOS B and A had the lowest crash potential [10, 11].
Khansari et al. investigated the car-following behavior in
different lanes of a freeway in Iran. *e results showed that
closer lanes to the median have higher speed and lower
headway, and the capacity difference between inner and
outer lanes is from about 7% up to 24% [12]. An analysis of
real data on a three-lane freeway was carried out by Duret
et al. and showed that the fraction of the total flow in the
median lane increases linearly, whereas the opposite trend is
observed for the center lane and particularly for the shoulder
lane [13]. Chu et al. modified the cell transmission model to
depict the temporal-spatial evolution of traffic congestion on
freeways and proposed two piecewise linear regression
models to describe the relationship between flow and density
[14]. Yang et al. adopted CNM (Clauset–Newman–Moore)
Community Division Method of Complex Network to an-
alyze traffic status information deeply implied from the
regional road network traffic flow data to objectively de-
termine the reasonable classification criteria for the regional
traffic state [15]. Yang et al. presented a novel methodology
for determining the overall highway safety level by inte-
grating statistical analysis and analytic network process with
set pair analysis, which accounted for both quantitative and
qualitative factors that contribute to traffic safety [16]. Hui
et al. applied phase space reconstruction theory and Lya-
punov exponent to analyze the nonlinear character of traffic
flow and constructed a newVolterra method based onmodel
order reduction via quadratic-linear systems to predict
short-time traffic flow of highways [17]. Lv et al. and Polson
and Sokolov developed a deep learning approach to capture
the nonlinear spatiotemporal effects due to transitions be-
tween free flow, breakdown, recovery, and congestion
[18, 19]. Cai et al., Sun et al., and Luo, et al. proposed a
spatiotemporal traffic flow prediction method by improving
the k-nearest neighbor model and obtained a better pre-
diction performance and accuracy [20–22].

Many researchers have made efforts to evaluate the
traffic status of highways, but they mainly researched from
the perspective of the road section rather than the lane,
which results in the traffic state differences between lanes not
being well reflected, especially for eight-lane highways. *e
objective of this research is to develop a traffic status dy-
namic evaluation method to reveal different traffic state
characteristics and predict the changing trend based on the
lane level to provide more refined suggestions for the
management and control of the eight-lane highway. In this
paper, the traffic flow data of the Shanghai-Nanjing Highway
are taken as the research object, and the rest of this paper is
organized as follows. In Section 2, the lane traffic charac-
teristics are analyzed. *e evaluation indices are selected in
Section 3. Section 4 proposes a dynamic comprehensive
evaluation model to classify and rank the traffic status of the
lanes. In Section 5, a case study of the Shanghai-Nanjing

Highway is carried out to verify the feasibility of the pro-
posed method. Finally, the main conclusions are summa-
rized in Section 6.

2. Lane Traffic Characteristics’ Analysis

*e video data and detector data of the Wuxi section of the
Shanghai-Nanjing Highway are collected to statistically
analyze the traffic characteristics of the four lanes on one side
(the innermost lane is lane 1, and the outermost lane is lane
4). *e Shanghai-Nanjing Highway adopts a lane-dividing
management and control strategy. Lane 1 is set for small
passenger cars, and the minimum and maximum speed
limits are 110 km/h and 120 km/h, respectively. Lane 2 is the
passenger lane, and the minimum and maximum speed
limits are 90 km/h and 120 km/h, respectively. Lane 3 is a
passenger and truck lane with a minimum speed limit of
80 km/h and amaximum speed limit of 100 km/h. Lane 4 is a
passenger and truck lane with a minimum speed limit of
60 km/h and a maximum speed limit of 100 km/h. *e
fundamental three-dimensional diagrams of the flow-speed-
density of each lane are shown in Figure 1.

Taking lane 1 as an example, the fundamental three-
dimensional diagram can be, respectively, projected into
two-dimensional graphs of speed-density, flow-density, and
flow-speed, as shown in Figure 2. It can be seen from
Figure 2 that when the density is close to 0, the free speed is
about 110 km/h, and when the speed is close to 0, the jam
density is about 101 pcu/km. *e maximum traffic flow is
about 2659 pcu/h, and the corresponding critical speed and
optimum density are 89.4 km/h and 30 pcu/km, respectively.
In the same way, the characteristic parameter values of lane
2, lane 3, and lane 4 can also be obtained, as shown in Table 1.

3. Evaluation Index Selection

*e rationality of the index selection directly affects the
evaluation results. Evaluation index selection should follow
the principles of scientificity, operability, systematization,
relative independence, and adaptability. Taking into account
the differences in the traffic characteristics of each lane of the
eight-lane highway, lane saturation, average lane speed, and
lane density are selected as the evaluation indexes to reflect
the traffic status of each lane. *e definition and calculation
formula of each index are as follows.

3.1. Lane Saturation. *e lane saturation refers to the ratio
of lane traffic flow to capacity, and its calculation formula is

s �
q

C
, (1)

where s is the lane saturation, q is the lane traffic flow, and C

is the lane capacity.

3.2. Average Lane Speed. When the observation length is
constant, the average lane speed value is the harmonic mean
value of the observed vehicle speed at the lane. *e calcu-
lation formula is
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where v is the average lane speed, x is the observation length, p
is the number of observation vehicles, vi is the location speed
of the ith vehicle, and ti is the travel time of the ith vehicle.
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Figure 1: *e flow-speed-density diagrams of each lane. (a) Lane 1. (b) Lane 2. (c) Lane 3. (d) Lane 4.
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Figure 2: *e two-dimensional graphs (speed-density, flow-density, and flow-speed) of lane 1. (a) Speed-density. (b) Flow-density.
(c) Flow-speed.
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3.3. Lane Density. *e lane density refers to the number of
vehicles on one lane per unit length at a certain instant, and
the calculation formula is

k �
D

L
, (3)

where k is the lane density, D is the number of vehicles in a
section of a single lane, and L is the section length.

4. Methodology

*e traffic status of the highway changes dynamically in real
time. General static evaluation models cannot fully reflect
the real-time and dynamic properties. *erefore, a dynamic
comprehensive evaluation method that adapts to different
lane characteristics of the eight-lane highway is proposed
with the evaluation idea of “first classification then ranking.”
*at is, first classify and determine the traffic status and then
sort and analyze the development process to carry out a
multi-index dynamic comprehensive evaluation.

4.1. Index Preprocessing. When the index value is larger, the
evaluation result is better. Such an index is called a positive
index; otherwise, it is called an inverse index. Before the
multi-index comprehensive evaluation calculation is per-
formed, the indices need to be consistent. *e conversion
between positive indices and inverse indices is usually
carried out in the form of reciprocal, as shown in the fol-
lowing equation:

xi
′ �

1
xi

(if xi is an inverse index),

xi (if xi is a positive index),

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)

where xi
′ is the converted index value and xi is the original

index value.
Considering the inconsistency of the index dimensions,

the extreme value method is used to nondimensionalize the
indices to make the processed index value intervals fall into
[0, 1]. *e formula is

x
∗
i �

xi
′ − xi
′min

xi
′max − xi

′min
, (5)

where x∗i is the dimensionless index value, xi
′max is the

maximum value of the ith converted index, and xi
′min is the

minimum value of the ith converted index.

4.2. Classification Principle. *e number of categories and
classification standards should be determined appropriately

according to the traffic operation of each lane of the eight-
lane highway. *e concept of state space division is intro-
duced in this paper to divide different traffic states.When the
lane traffic status is divided into N categories, the boundary
threshold of each level is set as X1, X2, . . . , XN−1 . If the
preset boundary threshold index vectors
Xi � xi1, xi2, . . . , xin 

T (i � 1, 2, . . . , N − 1; n is the number
of evaluation indexes) satisfy equation (6), the corre-
sponding state space is n-dimensional. Taking n� 2 as an
example, the state space division is shown in Figure 3.
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, (i � 1, 2, . . . , N − 1), (6)

where (ri)
2 is the comprehensive boundary threshold of

each level.
At time t, set the preprocessed evaluation index vector as

xt � (xt1, xt2, . . . , xtn)T, and construct the evaluation
function in the form of equation (7). *en, the traffic state
classification can be determined by comparing the magni-
tude of y and (ri)

2. For example, when y≤ (r1)
2, the lane

traffic status belongs to level 1. When (r1)
2 <y≤ (r2)

2, the
lane traffic status belongs to level 2. When y> (rN− 1)

2, the
lane traffic status belongs to level N.

y � 
n

j�1
xtj 

2
. (7)

4.3. Ranking Method. In order to more precisely reflect the
dynamic development process of the traffic state, a single-
system multi-index dynamic comprehensive evaluation
method is adopted to rank the traffic operating state. As-
suming that the index observation values xj(tk)  at time
tk(k � 1, 2, . . . , T) have been obtained, the evaluation
function is constructed as follows:

y tk(  � 

n

j�1
wj tk( xj tk( , (K � 1, 2, . . . , T). (8)

*e value of the weight coefficient wj(tk) directly affects
the reliability and rationality of the evaluation results. To
reduce the interference of subjective factors on the evalu-
ation results, the “difference-driven” weighting method is
adopted to determine the value of wj(tk). *e core idea of
the “difference-driven” weighting method is that the weight
coefficient reflects the degree of variation of the indicator in
the entire indicator system and the degree of influence on
other indicators. *erefore, the weight coefficient can be
directly determined by the amount of information provided
by each indicator.

Table 1: Characteristic parameter values of each lane.

Lane Maximum traffic flow (pcu/h) Critical speed (km/h) Optimal density (pcu/km) Jam density (pcu/km) Free speed (km/h)
Lane 1 2659 89.4 30.0 101 110
Lane 2 2520 79.2 31.5 69 102
Lane 3 2420 58.4 41.6 58 100
Lane 4 2072 67.7 31.4 114 77
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and H � ATA.

*en, Y � Aw and YTY � wTATAw � wTHw. When the
original data are standardized, maximizing the sample
variance of Y is equivalent to maximizing wTHw. *e
“difference-driven” weighting model can be constructed as
shown in the following formula:
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T
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T
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.

(10)

When H is a positive matrix, it has the only positive
maximum eigenvalue and corresponding eigenvector. w can
be the standard eigenvector corresponding to the maximum
eigenvalue of H to obtain the maximum value of wTHw.

4.4. Evaluation Process. *e process of the dynamic com-
prehensive evaluation method mainly includes data acqui-
sition, index preprocessing, traffic status classification, and
ranking, as shown in Figure 4.

5. Case Study

5.1. Data Acquisition. *e evaluation time segment of the
traffic status can be determined according to the actual needs
of the highway information system. *e Wuxi section of the
Shanghai-Nanjing Highway, as shown in Figure 5, was se-
lected as the case study object. 15-minute index data

including lane saturation, average lane speed, and lane
density for each lane were collected from 9:00 am to 9:15 am
on September 30, 2017. According to the vehicle type
classification criterion, all vehicles on the Shanghai-Nanjing
Highway were divided into four categories: small passenger
cars, medium cars, large cars, and trailers. *e vehicle
conversion factors of these four categories are 1.0, 1.5, 2.5,
and 4.0, respectively. *e entire 15-minute index data were
divided into 5 time periods with an evaluation interval of 3
minutes. *e index data of each lane are shown in Table 2,
where s means the lane saturation, v means the average lane
speed, and k means the lane density.

5.2. Index Preprocessing. Take the reciprocal of the average
lane speed, and then perform dimensionless processing on
all indexes. *e evaluation index value processing results are
shown in Table 3.

5.3. Traffic Status Classification. *e traffic status of each
lane is divided into six levels, and the fuzzy C-means method
is used to determine the threshold values of the evaluation
indicators of each level. After the nondimensional pro-
cessing, the threshold values X1, X2, X3, X4, X5  and the
comprehensive boundary threshold values (ri)

2 are shown
in Table 4.

Taking the traffic operation state from the 12th to 15th
minutes as an example, when substituting the data into
equation (7), the evaluation function values of each lane can
be calculated as y � [0.316, 0.512, 0.895, 0.255]. By com-
paring the magnitude of y and (ri)

2, it can be seen that lane
1 and lane 4 belong to the level 2 operation state. Lane 2
belongs to the level 3 operation state, and lane 3 belongs to
the level 4 operation state. It means that, in the same time
period, the lanes of the same cross section show different
operating status levels. *e operations of lane 2 and lane 3
are at a lower service level than lane 1 and lane 4.

5.4. Traffic Status Ranking. Taking lane 1 as an example, the
“difference-driven” weighting model can be solved by using
MATLAB mathematical programming software, and the
calculation results are as follows:

x2

x1

r1

r2

rN–1

1

0 1

. . .

Figure 3: *e state space division (n� 2).
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Data acquisition of each lane
in selected time periods

Inverse index conversion

Index nondimensionalization

Index
preprocessing

Traffic status
classification

Traffic status
ranking

Determination of the
boundary thresold values

Calculation of index
comprehensive values

Comparsion of index
comprehensive values and
boundary threshold values

Construction of the
comprehensive evaluation

function

Calculation of the evaluation
index weights

Calculation and ranking of
comprehensive evaluation

values in selected time periods

Figure 4: Process of the dynamic comprehensive evaluation method.

Figure 5: Wuxi section of the Shanghai-Nanjing Highway.
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1 A1 �
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0.205 0.036 0.063
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⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦.

(11)

*e maximum eigenvalue of matrix H1 is calculated to be
1.389, and the corresponding eigenvector
w1 � 0.9452 0.1563 0.2865 . Similarly, the corresponding ei-
genvectors of lane 2, lane 3, and lane 4 are
w2 � 0.9106 0.0924 0.4028 , w3 � 0.8572 0.1159 0.5018],
and w4 � 0.9288 0.2028 0.3102 , respectively. After

normalizing each eigenvector and substituting it into equation (8),
the traffic status comprehensive ranking of each lane as shown in
Table 5 can be obtained.

Analyzing the development trend of the traffic operation
status according to the rank of the last two periods, it can be
seen that the traffic operation state of lane 1 and lane 4 is
getting better, while lane 2 and lane 3 are showing a dete-
riorating trend. Combined with the traffic status classifi-
cation of each lane, in this case, traffic congestion may occur
in lane 2 and lane 3, especially lane 3. It is necessary to take
precautions in advance and adopt certain traffic manage-
ment and control measures for these two lanes to balance the
traffic pressure of each lane, such as a driving ban for the
truck, variable speed limits, temporary use of the emergency
lane, or other measures for guiding vehicles to use the space
resources of lane 1 and lane 4 rationally.

Table 2: 15-minute index data for each lane.

Time segment
Lane 1 Lane 2

s v (km/h) k (pcu/km) s v (km/h) k (pcu/km)
0∼3min 0.41 81.93 13.43 0.49 86.64 14.13
3∼6min 0.43 82.02 13.90 0.48 92.55 13.01
6∼9min 0.51 76.47 17.78 0.54 79.06 17.13
9∼12min 0.58 73.50 20.95 0.61 78.08 19.57
12∼15min 0.54 89.37 16.11 0.65 81.43 20.16

Time segment Lane 3 Lane 4
s v (km/h) k (pcu/km) s v (km/h) k (pcu/km)

0∼3min 0.76 73.18 25.12 0.54 70.70 15.84
3∼6min 0.58 82.83 17.05 0.56 60.45 19.19
6∼9min 0.75 67.55 26.74 0.69 43.32 33.24
9∼12min 0.73 65.07 27.23 0.71 55.81 26.52
12∼15min 0.82 73.78 26.84 0.48 63.68 15.70

Table 3: Evaluation index value dimensionless processing results.

Time segment
Lane 1 Lane 2

s v k s v k

0∼3min 0.41 0.076 0.122 0.49 0.043 0.205
3∼6min 0.43 0.076 0.126 0.48 0.025 0.189
6∼9min 0.51 0.097 0.162 0.54 0.071 0.248
9∼12min 0.58 0.110 0.190 0.61 0.075 0.284
12∼15min 0.54 0.051 0.146 0.65 0.062 0.292

Time segment Lane 3 Lane 4
s v k s v k

0∼3min 0.76 0.092 0.433 0.54 0.031 0.139
3∼6min 0.58 0.052 0.294 0.56 0.096 0.168
6∼9min 0.75 0.120 0.461 0.69 0.273 0.292
9∼12min 0.73 0.134 0.469 0.71 0.133 0.233
12∼15min 0.82 0.089 0.463 0.48 0.073 0.138

Table 4: Dimensionless and comprehensive boundary threshold values of evaluation indexes of each level.

Evaluation index X1 X2 X3 X4 X5

s 0.35 0.55 0.75 0.9 1
v 0.035 0.083 0.154 0.267 0.593
k 0.073 0.164 0.255 0.409 0.727
(ri)

2 0.129 0.336 0.651 1.049 1.880
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6. Conclusion

*e traffic characteristics of each lane of the eight-lane
highway are analyzed in this paper, and a traffic status
dynamic comprehensive evaluation method based on the
lane level is proposed with the concept of “first classifi-
cation then ranking.” *e state space division is used to
classify the traffic operation status of each lane, and the
principle of “difference-driven” is adopted to determine the
rank of the traffic operation status and predict the devel-
opment trend in real time. Compared with previous
studies, the method proposed in this paper can better
reflect the operating differences between lanes and detect
congestion in advance, which provides the theoretical
support for more refined management and control of eight-
lane highways.

However, there are several limitations in the present
study. First, only traffic characteristics were considered
when selecting evaluation indexes. Other factors such as
driving behavior, traffic safety, and environmental pollu-
tion which will also make a complex impact on traffic status
should be considered in the following studies. Second, the
dynamic comprehensive evaluation method proposed in
this paper applies to the basic sections of the multilane
highway, but whether it is applicable to the diversion and
merging areas needs further studies. In addition, the
implementation conditions and effects of different lane
management and control measures can be further studied
according to the traffic operating differences between lanes
so as to provide practical operation guidance for highway
managers.
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